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Abstract 
Hydrogen sulfide (H2S) is a precipitant used widely for metal recovery in metallurgical industries. 
A potentially low-cost method for producing H2S utilizes two waste products: municipal solid waste 
(MSW) and sulfate-rich wastewater. In this process, MSW serves as the electron donor and sulfate-
rich wastewater functions as an electron acceptor for sulfate-reducing bacteria (SRB) to produce 
H2S through the anaerobic respiration of SRB. 
The free liquid that is generated in a MSW landfill, referred to as leachate, has previously been 
tested as an electron donor for SRB. However, with high concentrations of recalcitrant organic 
carbon and biodegradable carbon typically scavenged by fermentative and methanogenic 
microorganisms, the use of leachate typically results in poor sulfate reduction rates. The liquor from 
the anaerobic fermentation of MSW (composed primarily of volatile fatty acids (VFAs)) could 
instead provide a more concentrated and readily available source of electron donors for SRB. Yet, 
the variability in the composition of organics within the liquor combined with the versatility of SRB 
and the presence of competitors for substrates results in poor predictions of sulfate reduction rates. 
Furthermore, the combined use of liquor from MSW fermentation (fermenter liquor) and sulfate-
rich wastewater would serve as an exemplar for using two locally available waste sources to 
produce a valuable resource of local demand. However, the high salinity of some sulfate wastewater 
streams, particularly in arid regions such as Australia, is found to make biological sulfate reduction 
less effective. Therefore, to explore the combined use of the two waste streams, the aim of this 
study was to examine the effectiveness of MSW fermenter liquor as an electron donor to be used 
with high salinity sulfate streams for biological H2S production.  
Studies have found that a limitation to using VFA mixtures as a feed to SRB cultures is that acetate 
is often not metabolized. As such, the capacity of different inocula to utilize all the fermentation 
products of MSW for sulfate reduction was investigated. The three inocula chosen for investigation 
were biofilm from a laboratory-scale reactor fed with sewage, sediment from a brackish mangrove, 
and sediment from a saline estuary. The salinities of the environments from which the inocula were 
sourced were maintained throughout the enrichment. The performance of each inoculum was 
evaluated for the extent that the chemical oxygen demand (COD) was utilized by SRB. The study 
found that the mangrove and estuarine inoculated reactors demonstrated higher sulfate removal 
efficiencies (80 – 88%) compared to the biofilm inoculated reactors (32 – 49%) as a result of the 
efficient use of COD. 
To explore VFA usage by sulfate-reducing cultures exposed to high salinity sulfate streams, the 
culture enriched from the estuarine sediment and hence grown under saline conditions of 20 g 
NaCl/L was subject to salinity increments of 7.5 g NaCl/L from 20 to 50 g NaCl/L. With a feed of 
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synthetic fermenter liquor (VFA blend of acetate, propionate, butyrate, and valerate), the activity of 
SRB did not decrease up to 35 g NaCl/L. However, a 37% reduction in sulfate reduction 
performance was observed at the hypersaline condition of 50 g NaCl/L. Operating beyond 35 g 
NaCl/L was found to lead to an accumulation of intermediates, acetate and propionate, with this 
observed to be due to acetate- and propionate-oxidizing SRB being unable to match the unaffected 
activity of the fermentative community. Salinity was shown to stimulate a change in the SRB 
community with no significant change to the fermentative community.  
The feed to two reactors, one operated with saline sulfate (20 g NaCl/L) and the other with a 
hypersaline sulfate (50 g NaCl/L) stream, was altered from a synthetic blend of VFAs to a feed of 
MSW fermenter liquor. Under saline conditions, the feed of MSW fermenter liquor led to a 15% 
reduction in sulfate reduction rate relative to performance with the synthetic feed. In contrast, under 
hypersaline conditions, where reactor performance on the synthetic feed was previously 
compromised by the imposed salinity, a feed change to fermenter liquor enhanced sulfate reduction 
rates by 17%. These changes resulted in a convergence of performance of the sulfate-reducing 
reactor under saline and hypersaline conditions with the fermenter liquor feed. Acetate no longer 
accumulated under a feed of fermenter liquor. Instead, the extent that COD was utilized under both 
saline and hypersaline conditions was limited by the bioavailability of refractory unidentified 
components in the fermenter liquor and by the low activity of propionate utilizers, leading to the 
accumulation of propionate in both reactors. While the composition of the liquor produced by the 
MSW fermenter changed as the fermentation progressed, this compositional variation had a 
minimal effect on sulfate reduction (between ± 8 and ± 12% change in sulfate reduction rates). 
With competitive rates achieved with fermenter liquor relative to studies feeding synthetic blend of 
VFAs in saline conditions, the thesis showed MSW fermenter liquor to be an effective electron 
donor to be used with high salinity sulfate streams for biogenic H2S production.  
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1  
Introduction 
 
1.1 Background 
 
Municipal solid waste (MSW) is rarely discussed as a resource outside the realms of energy 
generation via methane production or combustion. Similar to methane, hydrogen sulfide (H2S) can 
also be generated via the decomposition of organic matter in MSW under anaerobic conditions (Sun 
et al., 2016). This biogenic production of H2S occurs as a result of sulfate-reducing bacteria (SRB) 
metabolism where SRBs reduce sulfate (SO4
2-) in the presence of an electron donor at ambient 
conditions to form H2S amongst other reduced sulfur species (Kaksonen & Puhakka, 2007; Lens et 
al., 2002).     
H2S is often regarded as an undesirable product in most circumstances due to its toxicity, odor and 
corrosive properties (Sun et al., 2016). On the other hand, it is also beneficially used for the 
precipitation of heavy metals from leachates and waste streams (Vaughan et al., 2013) amongst 
other industrial processes. In mining and metallurgical operations, the advantageous use of H2S 
includes the selective precipitation of valuable metals from leach streams (e.g., copper, zinc), and 
unlike hydroxide precipitation, the production of a more dense and stable metal sulfide sludge 
which allows for easier downstream processing (Huisman et al., 2006). Despite the benefits, H2S is 
not as widely used as other precipitants (Lewis, 2010). Generating H2S onsite from hydrogen gas 
(H2) and molten elemental sulfur requires high capital costs and poses significant occupational, 
health and safety concerns making it economically attractive only when required at high tonnages. 
Alternatively, the application of sodium based sulfides (NaHS) to the process encompasses the costs 
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associated with the purchase, transport, handling, and storage of sulfide source (Dijkman et al., 
2002).  
Maximising the biogenic production of H2S from MSW could potentially provide a cheaper and 
more sustainable means of H2S production given the high content of organic compounds in MSW 
(which could serve as electron donors), wide availability and that MSW is an unwanted material. 
This form of H2S production may be considered particularly attractive as a result of mining and 
metallurgical industries being located in proximity to either mining camps or small towns which 
continuously generate MSW. Furthermore, with some metallurgical operations generating large 
volumes of waste sulfate onsite, the requirement for a sulfate source for biogenic H2S production 
via SRB could be easily fulfilled by utilizing these sulfate rich waste streams.  
This thesis proposes the use of MSW together with waste sulfate for the biogenic production of H2S 
to assist in the recovery of heavy metals from leach streams generated by mining and metallurgical 
industries. Aside from aiding the stabilization of MSW via the removal of easily degradable 
organics prior to disposal in a landfill, such a process would serve as an exemplar for turning two 
readily-available waste sources into a resource to generate a product that is of local demand.  
 
1.2 Thesis objective 
 
Full-scale implementation of technologies using SRB exist to produce H2S for the treatment of 
sulfate laden wastewater, metal recovery and the treatment of acid mine drainage treatment (AMD). 
In the case where sulfate is not present in the waste stream treated, sulfur is added as an electron 
acceptor. Therefore, the potential to produce large volumes of H2S (g) (up to 20 tonnes/day 
(PAQUES, 2016) from sulfate wastewater or sulfur is well established, but primarily with the 
addition of pure carbon and energy sources such as ethanol or hydrogen (H2) (Houten et al., 2009; 
PAQUES, n.d.). The cost of these feedstocks could be avoided if organics generated from MSW 
proved to be favorably utilized by SRB.  
The simplest approach to produce hydrogen sulfide from MSW and sulfate would be to inoculate a 
slurry of MSW and sulfate salt with a culture of SRB. Such a process would be limited by the rate 
of hydrolysis, resulting in a slow, uncontrolled rate of H2S generation. In addition, the residual and 
non-degradable fractions of MSW combined with sulfate would represent an ongoing source of H2S 
in a landfill. Consequently, a better alternative would be to extract the soluble organics from MSW 
in a liquid stream and feed this through to a sulfate-reducing reactor. Studies have proposed landfill 
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leachate as a source of soluble organic carbon for SRB (Sahinkaya et al., 2013), however the 
leachate from landfills is typically dominated by refractory organics and low concentrations of 
available soluble organics, which has resulted in poor sulfate reduction rates in these studies. 
Hence, this thesis proposes the use of liquor generated in the anaerobic fermentation of MSW 
(composed primarily of volatile fatty acids (VFAs) and produced prior to the onset of 
methanogenesis) as it would provide a more concentrated and readily available source of electron 
donors for SRB.   
A schematic representation of the proposed approach explored in this thesis is given in Figure 1-1. 
A packed bed of waste would be rapidly fermented through a flooding and draining process as 
described in detail by Clarke et al. (2015). The liquor harvested at the end of the fermentation 
process (referred to as fermenter liquor) would be fed directly into a sulfate-reducing reactor. Waste 
sulfate, commonly available in tailing ponds onsite within metal refineries, would serve as a sulfate 
source for H2S generation. This produced H2S would be subsequently utilized within a refinery for 
metal precipitation. 
 
Step 1
Step 3
Step 2
 
Figure 1-1 A schematic of the proposed operation. 
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Considering the broad scope of this approach, this PhD thesis solely focused on the evaluation of 
the sulfate reduction process (step 2) receiving streams of fermenter liquor from MSW (step 1) and 
waste sulfate from metal refineries (step 3) (Figure 1-1). The thesis will examine two main 
characteristics of the feed streams which would influence the performance of a sulfate-reducing 
reactor. The first characteristic is the variability and variety of electron donors provided by the 
liquor from the fermentation of MSW which may influence both the extent and stability of sulfate 
reduction. As waste sulfate is frequently found to be saline or hypersaline (i.e. ranging from 40 to 
280 g total dissolved solids (TDS) /L in Australia due to the arid environment (Tapley et al., 2015)), 
the second characteristic of focus is the high salinity of the sulfate stream which may influence the 
usage of electron donors provided by the liquor.  
Specifically, the aim of this thesis was to demonstrate the effectiveness of fermenter liquor 
generated from MSW as an electron donor to be used with high salinity sulfate streams for 
biological sulfate reduction and subsequent production of H2S. This is the first time fermenter 
liquor from MSW has been tested as an electron donor for biological sulfate reduction. 
 
5 
 
 
 
 
2  
Literature Review 
 
This chapter explores the performance of SRB under mixed feed streams, in mixed cultures and 
under conditions of salinity using current literature. The products of the fermentation of MSW are 
also examined to understand the properties of the electron donor to be provided. Collectively, based 
on this information, the limitations of current literature which prevent an accurate estimation of 
SRB performance fed with a stream of fermenter liquor at high salinity are presented and further 
investigated in each result chapter. 
 
2.1 Sulfate-reducing bacteria (SRB)  
 
2.1.1 Dissimilatory sulfate reduction 
Dissimilatory sulfate reduction describes the capability of organisms to generate energy through 
coupling the oxidation of organic compounds or H2 to the reduction of sulfate (Rabus et al., 2006). 
As the conversion of sulfate to H2S requires 8 electrons, an electron donor is required for the 
process. Reactions 1 to 3 illustrate this process with carbohydrate as the carbon source. 
            3SO4
2- + 30H+ + 24e- → 3H2S + 12H2O                            (reaction 1) 
                 C6H12O6 + 12H2O → 6H2CO3 + 24H+ + 24e-                (reaction 2) 
                         6H+ + C6H12O6 + 3SO4
2- → 3H2S + 6H2CO3                           (reaction 3) 
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The reduction process generates both H2S and alkalinity as shown in reaction 3, allowing for the 
precipitation of low solubility metal sulfides and concomitant neutralization of acidic water (García 
et al., 2001).  
Sulfate-reducing microorganisms are unified by their capability to perform this type of sulfate 
reduction. They are diverse in morphology, ecology, nutrition and metabolism (Colleran et al., 
1995). While sulfate-reducing microorganisms have been found to be members of both Bacteria 
and Archaea (Muyzer & Stams, 2008), in this thesis the term SRB will be used to refer to 
organisms from both domains. Most SRB can be found to exist within the class Deltaproteobacteria 
with Clostridia as the second most prolific class. In the Archaea domain, SRB have been identified 
in the Archaeoglobus genus (in the Euryarchaeota phylum), the Thermocladium genus, and the 
Caldirvirga genus (both in the Crenarchaeota phylum) (Muyzer & Stams, 2008; Rabus et al., 
2015).  
 
2.1.2 Conditions of SRB growth  
Sulfate reducing bacteria are present in a range of natural environments and are adapted to various 
electron donors and acceptors. Generally, some of the preferred growth conditions for culturing 
SRB are as follows: 
Temperature 
Most SRB have been found to be mesophilic, although thermophilic and psychrophilic strains have 
been identified in several studies (Isaksen & Jorgensen, 1996; Knoblauch & Jørgensen, 1999; 
Knoblauch et al., 1999; Rabus et al., 2015). For strains isolated from mesophilic environments, the 
optimum temperature has been found to differ across individual strains but collectively range 
between 25-40 ° C (Abed et al., 2014; Bale et al., 1997; Sakaguchi et al., 2002; Sánchez-Andrea et 
al., 2015; Widdel & Pfennig, 1981).   
Al-Zuhair et al. (2008) who investigated the effect of temperature on sulfate reduction by a mixed 
culture of SRB, found the optimum temperature for sulfate reduction to be 35° C compared to 
operation at 20 and 50°C. Yet, most reactor studies have been found to be conducted between 20 
and 35° C (Celis et al., 2013; Kaksonen et al., 2003a; Lu et al., 2016; Omil et al., 1996; Sahinkaya 
et al., 2007; Vallero et al., 2005; van den Brand et al., 2015a; Villa Gomez et al., 2015; Weijma et 
al., 2002; Zamariolli Damianovic et al., 2016).  
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pH 
While most SRB prefer neutral pH conditions, they can survive between pH 5 and 9, with signs of 
inhibition occurring at pH levels below 5.5 (Martins et al., 2009). At a low pH (< pH 7), the 
proportion of hydrogen sulfide that exists in the undissociated form (H2S) increases relative to its 
dissociated forms (HS- and S2-). Hence, as undissociated H2S has been found to be inhibitory to 
SRB (Stucki et al., 1993), inhibition due to pH can be partly attributed to an increase in the 
proportion of H2S in the media (Hao et al., 1996).  
Sulfate availability 
Sulfate behaves as an electron acceptor for SRB when the redox potential is -100 to 200 mV 
(Barton, 1995). While SRB are found to utilize sulfate, they are also capable of reducing oxidized 
inorganic sulfur species such as sulfite, thiosulfate and elemental sulfur to H2S. Sulfur compounds 
however are not a requirement for growth. Some SRB have been found to be capable of utilizing 
other electron acceptors such as nitrate and oxygen in the absence of sulfate (Muyzer & Stams, 
2008). 
Theoretically, for the reduction of 1 mole of sulfate to hydrogen sulfide, SRB require the 
availability of 2 moles of chemical oxygen demand (COD). Hence, on a mass basis, 0.67 g of COD 
is required to reduce 1 g of sulfate. The more reduced the inorganic sulfur compound however, the 
lower the electron donor requirement, and hence the lower the COD requirement.   
 
2.1.3 Metabolism of acetate 
Capable of both heterotrophic and autotrophic growth, SRB can grow on a range of compounds 
including hydrogen/carbon monoxide (H2/CO), alcohols, amino acids, aromatics and short and long 
chained fatty acids (Hao et al., 2014). 
Heterotrophic SRB fall into two broad categories: those that can completely oxidize organic 
compounds to CO2 and SRB that incompletely oxidize organic compounds, usually, but not always, 
to acetate (Colleran et al., 1995;Hao et al., 2014;Muyzer & Stams, 2008). The SRB that are capable 
of completely oxidizing substrates to CO2, might however only selectively degrade substrates to 
acetate, excrete it and then metabolize acetate to CO2 at a much slower rate when the more reduced 
substrates are exhausted (Odom & Singleton, 1993). 
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Within the kingdom Bacteria, only 22 of the 40 genera of SRB have been identified as complete 
oxidizers (Hao et al., 2014). Desulfobacter, Desulfomonas, Desulfococcus, Desulfosarcina and 
Desulfonema are just a few of the SRB known to be complete oxidizers while Desulfovibrio and 
Desulfobulbus are more commonly described as incomplete oxidizers although a full account can be 
found in (Hao et al., 2014). However, given that most recently some Syntrophobacter spp. have 
been found to be capable of complete oxidation despite a previous assumption that the genus 
comprised incomplete oxidizers, the list of complete oxidizing SRB is still evolving (Liu et al., 
2018). 
While most complete oxidizers are capable of oxidizing acetate to CO2, these SRB can be further 
segregated into those that are capable of significant growth rates on acetate and those that degrade 
acetate slowly. Species within the genera Desulfobacter and Desulfomaculum are examples of a 
SRB with a high growth rate on acetate (doubling time 18-20 hours for Desulfobacter (Falkow & 
Dworkin, 2006) and 30 hours for Desulfomaculum (Colleran et al., 1995)) compared Desulfobacca 
which showed a shortest doubling time of 1.7 to 2.2 days(Oude Elferink et al., 1999).  
 
2.1.4 SRB in natural and engineered environments  
Aquatic sediments, hydrothermal vents, sewers and oil seeps have all been known to harbor diverse 
communities of SRB (Grigoryan et al., 2008; Sara et al., 2014; Slobodkina et al., 2016; Wang et al., 
2012; Yanchen et al., 2016). This diversity stems from the numerous electron donors such as 
lactate, H2, acetate, and propionate amongst other VFAs available to SRB within these 
environments (Mudryk et al., 2000) together with the ability of SRB to utilize other electron 
acceptors aside from sulfate for growth (e.g., oxygen or nitrate) (Muyzer & Stams, 2008). 
2.1.4.1 Aquatic sediments 
Although marine, brackish (e.g., mangrove) and freshwater sediments differ in environmental 
salinity and sulfate levels (Table 2-1) they are all common habitats for SRB. Complete oxidizing 
SRB have been found in abundance in freshwater environments (Holmer & Storkholm, 2001), 
anoxic brackish environments (Boschker et al., 2001) and in coastal sediments (Na et al., 2015; 
Zhang et al., 2016). For example, Ravenschlag et al. (2000) found SRB with complete oxidizing 
capabilities represented more than 70% of the identified SRB in marine sediments. Further details 
specific to each environment are described below.  
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Table 2-1 Average salinities and sulfate levels in natural environments.  
Environment 
Sulfate concentrations (mg SO4-
S/L) 
Salinity (ppt) 
Marine 900 10-35 
Brackish (mangrove) 305 -624 Variable (1-25) 
Freshwater environment <64 < 0.5 
Note: Salinity sourced from (Hillel, 2000), sulfate concentration sourced from (Attri et al., 2011; Reddy & DeLaune, 
2008). 
 
Marine sediments 
In marine anoxic sediments, sulfate is the predominant electron acceptor in carbon metabolism with 
SRB estimated to account for more than 50% of organic carbon use (Plugge et al., 2011; 
Ravenschlag et al., 2000). SRB are suggested to utilize the products of fermentation such as acetate, 
propionate and H2 directly and oxidize them to CO2. (Muyzer & Stams, 2008; Purdy et al., 2001). 
In these sulfate rich sediments however, methanogens and SRB have been found compete for 
acetate and H2 but SRB have commonly been found to be the major H2 users (Haouari et al., 2006; 
Hoehler et al., 1994; Kristensen et al., 2005; Plugge et al., 2011).  
Genera such as Desulfobulbus, Desulfobacterium (Wang et al., 2012), Desulfovibrio (Haouari et al., 
2006), Desulfosarcina, Desulfococcus (Orphan et al., 2001) and Desulfobacter (Purdy et al., 2001) 
have all been identified to be abundant in marine sediments.  
Mangrove and estuarine sediments 
Mangrove sediments are usually anaerobic with an overlying aerobic layer. The decomposition of 
the anaerobic layer mainly occurs via sulfate reduction. The availability of sulfate in these 
environments can be affected by the access of the mangrove to freshwater which would reduce 
sulfate concentrations and hence the competitive advantage of SRB amongst other communities in 
these environments (Holguin et al., 2001).  
In mangrove samples sourced from Goa however, the abundant genera of SRB were versatile in 
nutritional abilities, being able to consume lactate, acetate, propionate, butyrate and benzoate, 
allowing them to remain competitive with other microbes present in the sediment (Bharathi et al., 
1991). 
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Freshwater sediments 
Sulfate concentrations and the density of SRB in freshwater sediments have been found to be low 
compared to estuarine and marine systems, however similar rates of maximum sulfate reduction 
have been measured in fresh and marine sediments (Pallud & Van Cappellen, 2006). In addition, the 
ability of SRB to behave as fermentative organisms in the absence of sulfate allows them to remain 
present in these environments and explains why sulfate reduction activity is activated when sulfate 
is added to these sulfate depleted sediments (Muyzer & Stams, 2008). 
In freshwater sediments, the most important electron donors for SRB have been identified as H2, 
acetate, lactate and propionate (Smith & Klug, 1981). Some studies have shown a high turnover of 
acetate where sulfate reduction is occurring implicating acetate as a favorable electron donor in 
these environments (Bak & Pfennig, 1991; Hordijk et al., 1989; Scholten et al., 2002). In contrast, 
others have identified a high abundance of lactate utilizing SRB (Holmer & Storkholm, 2001; Sass 
et al., 1997).  
2.1.4.2 Sewer environments  
The concentration of sulfate in wastewater (10-100 mg SO4
2-/L) results in significant H2S 
production in sewer environments (Okabe et al., 2003). The presence of oxygen, nitrate, and sulfate, 
all of which are electron acceptors that can be used by SRB, makes these environments suitable for 
SRB. Acetate and propionate are the main VFA’s present in sewer systems (van den Brand et al., 
2014).  
Ito et al. (2002) found that within a sewer biofilm, under anoxic conditions and with sulfate as the 
acceptor, between 18 to 34% of the SRB present took up either acetate, propionate, formate or 
bicarbonate and H2 with the acetate utilizing community being the most abundant (34% of the SRB 
population).  
 
2.2 The Application of SRB  
 
2.2.1 Full-scale systems using SRB 
Biological sulfate reduction using SRB has been identified as a means for the treatment of AMD, 
the recovery of metals in metal refining, and for the treatment of high sulfate waste streams. For the 
treatment of these streams, systems can be active (requiring the regular addition of reagents and 
continued operation but yielding high sulfate reduction rates) or passive (requiring only occasional 
maintenance but being less predictable and harder to control) (Kaksonen & Puhakka, 2007). 
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Table 2-2 shows some of the full scale and pilot scale studies which have employed the unique 
ability of SRB for the treatment of sulfate rich or metal rich wastewaters using various electron 
donors. Paques, a wastewater treatment company, has developed both the SULFATEQTM and 
THIOTEQTM Metal processes applied mainly in the mining and metallurgical industry for metal 
recovery with operations worldwide (e.g., Nyrstar Zinc Refinery, Netherlands; Anglo Coal Landau 
Colliery, South Africa; Pueblo Viejo Gold Mine, Dominican Republic). These processes harvest 
H2S from a SRB-enriched bioreactor that is fed with elemental sulfur or waste sulfate and a carbon 
source or H2 at the required rate. The hydrogen sulfide produced is either kept in the liquid form 
(SULFATEQTM [Figure 2-1a]) or produced as a gas (3 to 15% v/v H2S in the THIOTEQ
TM Metal 
process [Figure 2-1b]) depending on the application. In the case of the THIOTEQTM process, when 
demand for H2S is low, H2S can be allowed to accumulate in the reactor, temporarily inhibiting 
SRB from reducing sulfate further (subject to the pH and hydrogen sulfide concentration in the 
reactor), until demand increases again (Hatami, 2010). In addition, the process uses sulfur as only 
two electrons are required to convert sulfur to H2S compared to the eight electrons required for the 
conversion of sulfate, reducing the required provision of an electron donor. 
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Table 2-2 Sulfate reduction rates for full and pilot scale reactors operated on pure electron donors. 
Study Purpose Reactor type 
Reactor 
size 
Electron donor 
Electron 
acceptor 
Sulfate reduction rate                
Full Scale 
PAQUES 
(2016) 
Copper recovery 
(THIOTEQTM operation) 
Gas lift 2000 m3 Ethanol Sulfur 20 t/day H2S or 9.4 g 
S/L/day 
Copini et al. 
(2009) 
Treatment of sulfate rich and 
zinc wastewater at Budel 
Zinc Refinery 
(SULFATEQTM operation) 
Gas lift 500 m3 H2/CO2/CO Sulfate 19.2 g SO42-/L/day 
P. Littlejohn, 
email 
correspondence 
(1 Sept 2016) 
Copper recovery from AMD 
(Bisbee plant [BioteQ]) 
Continuously stirred 
reactor 
400 m3 Acetic acid Sulfur 9 g S /L/day 
Pilot scale 
Rowley et al. 
(1994) 
AMD treatment (Biosulfide 
process) 
Packed bed reactor 2 x 40 L Ethanol/ 
methanol 
Sulfate Up to 5 g SO42-/L/day 
Glombitza 
(2001) 
Treatment of acidic lignite 
mine flooding waters 
Fixed bed pilot scale 
reactor 
3900 L Methanol Sulfate 3.2 g SO42-/L/day 
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Figure 2-1 A diagram of a) the SULFATEQ process (PAQUES, n.d.) and b) the THIOTEQ process 
(PAQUES, n.d.). 
 
Thus far, studies focused on SRB bioreactors have chosen to seed reactors with methanogenic 
inoculum from anaerobic bioreactors (Erdirencelebi et al., 2007; Lettinga et al., 1998), established 
sulfidogenic systems (Kaksonen et al., 2003a; Nevatalo et al., 2010), or sediments from 
environments which support sulfate reduction (García-Solares et al., 2014e). Yet, they have not 
fully explored the dependency of inoculum on the final reactor performance.    
2.2.2 Electron donors for SRB in full scale operations 
With the requirement for an electron donor to operate sulfate-reducing reactors, currently for large 
scale sulfate-reducing operations (>2.5 tonnes of H2S/day), H2 is commonly used as an energy 
source (Kaksonen & Puhakka, 2007). A benefit of using H2 is not having residual organics present 
in reactor effluent and its usability by a wide range of SRB (Hao et al., 2014). However, as H2 is 
produced via steam reforming, it can be capital and energy intensive. Alternatively, full scale 
operations have been shown to utilize synthesis gas (a mixture of H2/carbon monoxide (CO) /CO2) 
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as a cheaper alternative to the use of high purity H2 as an electron donor. The toxic effect of CO on 
SRB together with the availability of synthesis gas to a site however limits sulfate reduction with 
this feed stream (Kaksonen & Puhakka, 2007; Parshina et al., 2010). For smaller scale 
requirements( <2.5 tonnes/day) where the cost of a steam reformer for H2 production is not feasible, 
ethanol can be used as an electron donor, however its usage may lead to the accumulation of unused 
acetate in the effluent (Sarti et al., 2009).  
As such, while the above-mentioned electron donors are effective, they can be costly to purchase, 
transport and store, or are expensive and unsustainable to produce. As a result, there remains a 
requirement to find cheap, effective, and sustainable alternatives of electron donors to be used for 
sulfate reduction. Numerous studies have considered the use of simple, pure electron donors (e.g., 
lactic acid, acetic acid (Barbosa et al., 2014; Muthumbi et al., 2001) and complex waste streams 
(e.g., molasses, tannery effluents and manure (Boshoff et al., 2004; Gibert et al., 2004; Zhao et al., 
2010)) for sulfate reduction however simple electron donors are generally preferred due to their 
well-defined composition which allows for a higher degree of certainty and reliability in regards to 
predicting reactor performance (Vallero et al., 2003). As a consequence, most commonly SRB have 
been studied for their growth on H2, ethanol, acetate, lactate, glucose, propionic acid, and methanol 
(Cao et al., 2012; Celis et al., 2013; Kim et al., 2002; Lens et al., 2004; Najib et al., 2017; Song et 
al., 1998; Sousa et al., 2015; Vallero et al., 2003; Weijma et al., 2002; Zhou et al., 2015).  
The range of sulfate reduction rates observed for some commonly studied electron donors in other 
studies are shown in Table 2-3 together with the associated Gibbs free energy for the oxidation of 
each electron donor. Different reactor conditions and microbial cultures were used in each study 
making it difficult to compare the effectiveness of different electron donors. For example, although 
the highest sulfate reduction rate was achieved with acetate as an electron donor in Table 2-3, this 
rate was attained with a pure culture of acetate-oxidizing SRB (Stucki et al., 1993). The next 
highest sulfate reduction rate on acetate (14 g SO4
2-/L/day) was attained on a mixed culture grown 
at varying salinities (Muthumbi et al., 2001).  
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Table 2-3 Sulfate reduction rates and Gibbs free energy for the oxidation of different electron donors. 
Adapted from (Hao et al., 2014) and (Liamleam & Annachhatre, 2007)
Electron donor ∆Go [kJ/mole S] 
Sulfate reduction rate 
(g SO42-/L/day) 
References 
H2/CO2 -151.9 30 Van Houten et al.1994 
H2/CO2/CO -151.9 9.6-14 Van Houten et al.1996 
Lactate -160 2.6 Kaksonen et al. (2003b) 
4.70 Zhao et al. (2008) 
Acetate -47.6                    65 Stucki et al., 1993 
14 Muthumbi 2001 
Formate -146 .7 29 Bijmans et al. 2008 
 
Ethanol -133 30 De Smul et al. 96 
6 Kalyuzhnyi et al. (1997) 
 
Furthermore, Kaksonen and Puhakka (2007) suggested the suitability of the donor for the given 
application is dependent not only on the ability of SRB to use the donor but 1) the suitability of the 
donor for the application, 2) the cost of the donor per unit H2S produced, 3) the availability of the 
donor and 4) the pollution load from the undegraded fraction of the utilized donor. 
Using a carbon source such as MSW could lead to financial savings while simultaneously 
improving the sustainability of the mining and landfilling industries. The wide availability, low to 
negative cost, and high carbon content of MSW make it a promising carbon source if it can be 
viably processed. Yet, a key limitation of utilizing MSW, as with any waste stream, is the 
heterogenic nature of MSW which adds a source of uncertainty in regards to the profile of electron 
donors that would be available to SRB. As such, an added criteria to determine the suitability of an 
electron donor proposed in this thesis is the compositional variability of the electron donor to be 
supplied to ensure stable sulfate reduction rates.  
Hence, to understand the economic viability of using MSW as an electron donor, the composition of 
liquor from MSW fermentation and the proportion of organic carbon in MSW that can be utilized 
by SRB for sulfate reduction needs to first be assessed together with the rate of sulfate reduction 
relative to a synthetic feed.  
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2.3 MSW fermenter liquor as an electron donor for SRB 
 
2.3.1 The production of fermenter liquor 
Anaerobic digestion is a series of biological processes which result in the breakdown of 
biodegradable matter in the absence of oxygen. The process is commonly used to treat MSW, as its 
high organic carbon content offers great potential for biogas production. The four steps of the 
process are given below (Mata-Alvarez, 2003): 
1. Hydrolysis: Long chain organic polymers (proteins, polysaccharides, and lipids) are broken 
down into simple sugars.  
2. Fermentation/ Acidogenesis: Sugars are degraded into alcohols and organic acids, and 
amino acids to VFAs. 
3. Acetogenesis: Alcohols and VFAs are converted into mainly acetate and H2 by acetogens.  
4. Methanogenesis: The final stage during which intermediate products formed in 
acetogenesis (acetate and H2) are converted into methane by methanogens.  
This thesis, however, focuses on the use of the media derived from the fermentation stage and 
acetogenic stage of anaerobic digestion referred to as ‘fermenter liquor’ in this thesis. VFAs 
between 2 to 6 C-atoms can be expected to be present in this liquor. In addition, H2 is a byproduct 
in the production of these compounds, resulting in supersaturated concentrations in the liquid phase 
(Kraemer & Bagley, 2006).  
The separation of the acidogenic degradation phase of MSW from methanogenesis is well 
established with numerous studies using two-stage digesters for anaerobic digestion (Bouallagui et 
al., 2004; Doǧan & Demirer, 2009; Jiang et al., 2013; Parawira et al., 2004; Ueno et al., 2007; Uke 
& Stentiford, 2013). In this two-stage system, MSW is rapidly hydrolyzed and acidified in one 
reactor and the resulting products are fed to a separate methanogenic reactor. In this way, both 
processes can be operated under their optimal conditions or VFAs can be harvested for use in wider 
applications (Cavdar et al., 2011; Gaeta-Bernardi & Parente, 2016; Lim et al., 2000).  
For the acidification of MSW, several studies have adopted a leach bed reactor due to its low capital 
and operating costs. Leach bed reactors are batch solid-phase digesters capable of carrying organic 
material with a solid content of up to 40% (Hussain et al., 2017). In these reactors, liquid leachate 
can be circulated over a solid bed of packed biomass via several modes (e.g. trickle-flow where 
leachate is sprayed over the top of the solid bed and recovered at the bottom of the bed, or flooding 
and draining where the solid bed is fully flooded with leachate in an upflow or downflow mode and 
then allowed to drain (Browne et al., 2013; Yap et al., 2016)). This movement of leachate 
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accelerates digestion through the distribution of nutrients, substrates and bacteria (Kjeldsen et al., 
2002). Liquor can later be harvested for use, and in some cases replaced by tap water to ensure 
moisture is retained in the waste bed. These systems can be buffered or left unbuffered where the 
pH of the liquor is allowed to drop to acidic levels with pH 6 being the lower viable limit for most 
methanogens (Cavdar et al., 2011; Cysneiros et al., 2012; Silva et al., 2013).  
 
2.3.2 The characteristics of fermenter liquor 
The composition of liquor generated from the acidification of MSW from previous studies is shown 
in Table 2-4. While acetate and butyrate are generally the most prevalent acids, the full profile of 
VFAs that is produced by fermentation is difficult to anticipate as a result of variations in 
operational conditions, the inoculum, the type of waste, organic loading rate, pH and the hydraulic 
retention time (HRT) (Cavdar et al., 2011; Cysneiros et al., 2012; Doǧan & Demirer, 2009; Fuess et 
al., 2016; Ghimire et al., 2017; Jiang et al., 2013; Lata et al., 2002; Parawira et al., 2004; Wang et 
al., 2014; Ye et al., 2007). A benefit of this however is that by controlling parameters applied to the 
fermenter such as pH or the organic loading rate, the profile of VFAs produced could be steered to 
enhance the production of some organics over others. For example, Doǧan and Demirer (2009) 
found that in a continuously stirred tank reactor (CSTR) fed with the organic fraction of MSW, 
higher organic loading rates led to increased acetic acid production while resulting in a reduction in 
butyric acid. In another study by Probst et al. (2015), where the effects of pH on lactic acid 
production from the organic fraction of MSW was investigated, applying a pH of 5 or leaving the 
pH of a fermenter uncontrolled was found to be favorable for lactic acid production relative to the 
production of acetic acid.  
 
Table 2-4 Proportion of VFAs produced in the anaerobic fermentation of MSW (normalized in terms of 
COD).
Source pH 
Ratios of VFAs presented in COD equivalents 
Acetic 
acid 
Propionic 
acid 
Butyric 
acid 
Valeric 
acid 
Bouallagui et al. (2004) 6 2.8 1 5.3 1.5 
Yesil et al. (2014) 5.6 – 6.6 2.3 1 2.9 0 
Silva et al. (2013) 5.6 2.25 1 2.5 0 
 
Furthermore, within each leach bed study, the composition and concentrations of VFAs have been 
shown to vary with experimental time or each VFA harvest (Cavdar et al., 2011; Cysneiros et al., 
2012; Uke & Stentiford, 2013; Yesil et al., 2014). For example, in the first 5 days of operation of a 
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MSW leach bed reactor, Cavdar et al. (2011) found acetate to be the abundant VFA present (61% of 
the VFA-COD). After 5 days however, butyric acid was the key VFA present (42%). The 
differences in composition were suggested to be the result of the digestion of readily available 
sugars in the first few days followed by the hydrolysis of substances that are harder to degrade once 
these sugars were consumed (Cavdar et al., 2011). 
 
2.3.3 The use of mixed VFAs in fermenter liquor by SRB  
As the profile of VFAs produced from waste streams can vary, prior to designing a SRB system fed 
with fermenter liquor, the activity of SRB in response to the mixture of electron donors similar to 
that present within the fermenter liquor needs to be assessed. 
Performance of SRB under synthetic mixed feeds 
Upon feeding a mixture of acetate, propionate and butyrate in a COD mass ratio of 1:2:2, Lens et al. 
(1998) observed propionate and butyrate to be used preferentially to acetate in sulfidogenic reactors 
resulting in acetate accumulation in the effluent stream. Similarly, Omil et al. (1996) found that a 
VFA blend of acetate, propionate and butyrate (5:3:2 on a COD mass basis) led to the development 
of acetate consuming methanogens despite a COD:SO4
2- ratio of 0.47 (g/g). Propionate and butyrate 
were once again utilized by SRB in preference to acetate. 
Poor usage of acetate by SRB has not only been described in several studies with blends of VFAs as 
the carbon source (Brand et al., 2014; Celis‐García et al., 2007; García-Solares et al., 2014a; Visser 
et al., 1993), but in studies feeding waste streams, where the VFAs available to SRB are influenced 
by the fermenting community (Barrera et al., 2014; Das et al., 2015; Mulopo et al., 2011). The 
buildup of acetate in sulfate-reducing reactors has been attributed to the superior maximum specific 
growth rate of SRB that partially oxidize fermentation intermediates such as lactate, ethanol and 
propionate to acetate (incomplete oxidizers) relative to complete oxidizing SRB (Dar et al., 2008; 
García-Solares et al., 2014a).  
The higher concentration of acetate relative to other components in the effluent of a sulfate-
reducing reactor can also be explained by the presence of acetate in both the feed stream and as a 
byproduct of incomplete oxidation (Brand et al., 2014). As such, the replacement of acetate from a 
feed stream of mixed VFAs has only shown to result in marginal improvements in performance. For 
example, Celis‐García et al. (2007) reported only a minor increase in sulfate removal rates from 1.2 
g SO4
2-/L/day to 1.5 g SO4
2-/L/day when switching from a feed of acetate, propionate, and butyrate 
(COD mass ratio of 1:2:2) to a feed of lactate, propionate, and butyrate (COD mass ratio of 1:2:2).  
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Hence, while there are minimal studies on the effects of VFA blends on sulfate reduction 
performance, collectively, it can be suggested that while higher chained acids improve the 
performance of sulfate-reducing reactors, this improvement is limited if acetate is the ultimate 
degradation product. 
 
2.3.4 Electron donor use by SRB in mixed cultures 
In natural and waste treatment systems, the growth of SRB depends on interactions and competition 
with other bacterial communities. In hydrolysis, complex organic compounds can be degraded by 
fermentative bacteria, which will produce monomeric compounds such as simple sugars and amino 
acids (Ali Shah et al., 2014). Both SRB and fermentative bacteria can compete for these monomeric 
compounds while assisting the breakdown of sugars into simple compounds that include acetate, 
propionate, butyrate, lactate and H2 (Hao et al., 2014; Oude Elferink, 1998). SRB can use any of 
these products for sulfate reduction, possibly in competition or syntrophy with acetogenic bacteria 
and in competition with methanogens (Figure 2-2).   
Given the complexity of the components present in fermenter liquor together with the presence of a 
fermentative microbial community in the liquor itself, some further examples of these syntrophic 
and competitive processes with SRB are considered, before proposing a framework to understand 
these processes for a given microbial community. 
 
 
Figure 2-2 Potential degradation routes of propionate in anaerobic environments with sulfate. SRB: Sulfate-
reducing Bacteria, MA: Methanogenic Archaea, AB: Acetogenic Bacteria, HAB: Homoacetogenic Bacteria. 
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Syntrophy and competition for propionate and butyrate 
In high sulfate environments, where the rate of sulfate reduction is limited by COD availability in 
the media, SRB are capable of the direct oxidation of intermediates such as butyrate and propionate 
as a result of superior growth kinetics to the syntrophic consortia of acetogens under these 
conditions (Dar et al., 2008; Elferink et al., 1994; Lens et al., 1998; Stams et al., 2005; Wang et al., 
2008). In low sulfate environments, where sulfate reduction is limited by sulfate availability in the 
media, both sulfate reduction and acetogenesis are possible. SRB directly oxidize 
propionate/butyrate or SRB feed off interspecies H2 transfer from the degradation of 
propionate/butyrate by acetogens in a syntrophic relationship. In most cases however, the 
syntrophic relationship of SRB and acetogens has been found to be dominant pathway (Dar et al., 
2008; Struchtemeyer et al., 2011). 
The concentration of sulfate however cannot always be used to confirm the route of electron donor 
usage. Visser et al. (1993) found that syntrophic butyrate users had comparable substrate conversion 
rates and specific growth rates to the butyrate degrading SRB under conditions of high sulfate. 
Hence, both pathways were likely. 
Syntrophy and competition for acetate 
Generally, when methanogens are present at low sulfate concentrations, a syntrophic relationship 
between acetogens and methanogens is dominant while at high sulfate concentrations, SRB have 
been found to outcompete both acetogens and methanogens (Dar et al., 2008; Liu et al., 2015c). 
The competition however between methanogens and SRB for acetate is sometimes unclear. Some 
studies have recorded acetate use by SRB as the majority of activity under high sulfate conditions 
with methanogens possibly being inhibited by high hydrogen sulfide conditions created as a result 
of sulfate reduction (Banat et al., 1981; Callado et al., 2017; Celis et al., 2013; Lu et al., 2016; Oude 
Elferink et al., 1998; Velasco et al., 2008; Winfrey & Zeikus, 1977). Alternatively, other studies 
have found the majority of acetate removal from a system to be performed by methanogens despite 
high sulfate concentrations (Alphenaar et al., 1993; Baldwin et al., 2015; Elferink et al., 1994; 
Erdirencelebi et al., 2007; Hoeks et al., 1984; Isa et al., 1986; Jing et al., 2013; McCartney & 
Oleszkiewicz, 1991; Omil et al., 1996; Visser et al., 1993; Yang et al., 2015).  
While this could be due to an abundance of methanogens in the sludge, methanogens have been 
found to develop under high sulfate conditions even when the methanogenic activity of the initial 
sludge used as inoculum was close to zero (Omil et al., 1996). In addition, Lens et al. (1998) found 
that the methanogenic activity in sludge sourced from high sulfate SRB bioreactors responded 
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quickly to reductions in sulfate concentrations implying a viable methanogenic population remains 
present in SRB reactors despite adverse conditions. Other factors that have been suggested to affect 
the outcome of competition include adherence properties, the relative number of bacteria, 
environmental conditions such as pH and temperature, versatility in substrate utilization and 
hydrogen sulfide and sulfate concentrations (Elferink et al., 1994; van den Brand et al., 2014).  
Competition for hydrogen  
Sulfate-reducing bacteria, homoacetogens and methanogens will all compete for H2 under limited 
substrate concentrations and an excess of sulfate (Uberoi & Bhattacharya, 1995; Weijma et al., 
2002). Based on kinetic data (quantified by the maximum specific growth rate (µmax) and the 
Michaelis constant (the substrate concentration at which the reaction rate is at half its maximum) 
(Km)), heterotrophic SRB and methanogens should always outcompete homoacetogens at low H2 
partial pressures (Stams et al., 2005; Weijma et al., 2002). In addition, as the H2 threshold 
concentration for SRB (0.9 to 4.5 Pa) is lower than methanogens (2.5 to 16 Pa), SRB are expected 
to always outcompete methanogens. Yet, H2 use by methanogens has been reported under high 
sulfate conditions suggested as a result of similar Monod kinetics of the SRB and methanogens 
present (van Houten et al., 2006).  
 
2.3.5 The performance of SRB in reactors treating waste streams 
The performance of SRB in sulfate-reducing reactors fed with waste streams containing a mixture 
of electron donors is discussed in the following sections to better understand the performance of a 
sulfate-reducing reactor fed with fermenter liquor from MSW. 
Sulfate reduction with citric acid wastewater and molasses 
O'Flaherty et al. (1998) observed the activity of SRB from sludge of an 8000 m3 full scale upflow 
anaerobic digester treating sulfate-rich wastewater (4 g SO4
2-/L) generated by the citric acid 
production industry (from the fermentation of molasses). As the wastewater already contained a 
COD concentration of 12 g COD/L, an electron donor was not required. While the organic 
composition of the wastewater was not provided, the study showed that through a 5-year 
operational period, the sludge was able to maintain a mixture of methanogenic archaea, and sulfate-
reducing, syntrophic and homoacetogenic bacteria. Through batch activity assays, propionate 
degradation was found to take place via SRB through incomplete oxidation to acetate. SRB, 
however, were found to be unable to outcompete methanogens for the use of acetate despite the 
presence of sulfate. Acetate produced as a result of incomplete oxidation was removed via 
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methanogens. SRB were also shown to compete with syntrophic bacteria and methanogens for the 
use butyrate and ethanol.  
A similar observation was made by Annachhatre and Suktrakoolvait (2001) when investigating the 
effectiveness of molasses, a by-product of the sugar cane industry containing approximately 30 to 
50% (w/w) sucrose, for sulfate reduction in a UASB bench-scale reactor. The study found that the 
competition between SRB and methanogens for COD was greatly influenced by the sulfate 
concentration in the feed stream with the electron flow to SRB only exceeding 50% when COD: 
SO4
2- ratios were maintained below 1.67 (excess sulfate).  
Sulfate reduction with landfill leachate 
Landfill leachate, a mixture of VFAs generated as water percolates down through a landfill, is 
another example of waste stream previously investigated as an electron donor for sulfate reduction. 
As leachate from a MSW fermenter and a landfill are both sourced from MSW, studies utilizing 
landfill leachate as an electron donor for sulfate reduction could be utilized as the best example to 
gauge the performance of sulfate-reducing cultures in the presence of fermenter liquor. The key 
difference however between landfill leachate and fermenter liquor would be that landfill leachate 
would have a lower concentration of available soluble organics (i.e. alcohols, VFAs) due to dilution 
and the presence of the methanogens in the system (Kjeldsen et al., 2002).   
Up until now, only Sahinkaya et al. (2013) has investigated the effectiveness of landfill leachate as 
an electron donor for active sulfate reduction. Biological sulfate reduction rates of 
0.90 g SO4
2/L/day were reported for landfill leachate with 2 g COD/L (Sahinkaya et al., 2013), 
although only 30-40% of the COD was directed to sulfate reduction compared to 70% with ethanol. 
The performance was suggested to be limited due to the low biodegradability of the leachate and the 
presence of methanogens, which diverted COD from sulfate reduction to methane production. As 
the composition of the landfill leachate (i.e. VFA profile) together with the composition of effluent 
from the sulfate-reducing reactor was not reported however, the use of VFAs within the leachate 
remains unclear.  
In summary, a common factor of all studies using waste streams as an electron donor is the 
competition between SRB and methanogens for electron donors (acetate and H2) which limits 
sulfate-reducing activity. Furthermore, as seen with landfill leachate, the electron donors present in 
waste streams may not all be available to SRB due to their poor biodegradability.  
Liquor from a high rate MSW fermentation system would provide a more concentrated source of 
VFAs compared to landfill leachate, increasing the availability of electron donors for SRB. The 
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fermentation process could also be steered if required to favor the production of some VFAs over 
others to some extent, enhancing the level of control that can be exercised on the composition of the 
feed stream. Furthermore, due to the lower pH of the liquor created through the operation of the 
fermenter and the lower viable limit for methanogenesis reported to be pH 6 (Gutierrez et al., 2009), 
the methanogenic activity is likely to be lower in the fermenter liquor. This may assist in facilitating 
higher sulfate reduction rates in sulfate-reducing reactors if the reactors are maintained at a 
similarly low pH as the fermenter liquor.  
 
2.4 Saline waste sulfate as a source of electron acceptors for SRB 
 
For the production of H2S, sulfate or a more reduced form of inorganic sulfate compounds such as 
sulfite, thiosulfate and sulfur are required as an electron acceptor for SRB (Muyzer & Stams, 2008). 
Sulfate laden wastewaters are a common by-product in mineral processing and hydrometallurgical 
extraction processes where sulfuric acid is used as the key leaching agent (Silva et al., 2010). These 
wastewaters can be freshwater streams or exist within a broad range of salinities (40 to 280 g 
TDS/L) where salinity is an integrated measure of Na+, Ca2+, K+, Mg2+, Cl-, SO4
2- and HCO3
- 
(Tapley et al., 2015; van Dam et al., 2014). While the use of sulfate in freshwater/low salinity 
wastewater as an electron acceptor for SRB is well established (Copini et al., 2009; Kaksonen et al., 
2004b; Papirio et al., 2013; Sarti et al., 2009), there remains limited literature surrounding the effect 
of saline waste sulfate. The following subsections provide an overview of the sources of saline 
waste sulfate and the effect of saline waste streams on sulfate reduction.  
 
2.4.1 Sources of saline waste sulfate 
Saline sulfate waste streams are frequently encountered in process plants located in areas with 
limited access to fresh water (e.g., arid environments) or where plant proximity to groundwater or 
sea water renders these sources to be the most economical source of process water (Aral et al., 
2010). Groundwater in some locations in Australia are found to be saline (defined as 3 to 35 g 
TDS/L (Last & Ginn, 2005)) or hypersaline(>35 g TDS/L) with the salinity concentration ranging 
within groundwater aquifers themselves and across different aquifers. For example, the 
groundwater surrounding the Firmston Open Pit gold mine (Kalgoorlie, Western Australia) is 
reported to be within the salinity range of sea water (35 g TDS/L) and 5 times that of sea water (175 
g TDS/L) with this groundwater used within mining or mineral processing activities (KCGM, 
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2015). Alternatively, the groundwater salinity at the Mt Henry Open Pit (Norseman region, Western 
Australia) has been found to range between 10 g TDS /L and 121 g TDS/L (GDS Pty Ltd, 2015). 
Under other circumstances, plant operation with saline or hypersaline water may occur due to the 
reported improvements in metal recovery under saline water or in efforts to drive sustainable use of 
process water via water re-use (Aral et al., 2010; Rea et al., 2015; Wiertz, 2009). Australia, Chile, 
Peru, Indonesia, and Portugal have all been identified as locations using saline or hypersaline water 
for various processes at mine and mineral processing sites (Aral et al., 2010).  
 
2.4.2 Performance of SRB under saline conditions 
Performance of SRB with saline sulfate streams has most commonly been evaluated by imposing 
saline stress to sulfate-reducing reactors inoculated with cultures from freshwater conditions 
through shock exposure or stepwise increments of salt (Li et al., 2014; Vallero et al., 2002; Vallero 
et al., 2003; Vallero et al., 2004; van den Brand et al., 2015d). To this date, the highest reported 
operational salinity of a sulfate-reducing reactor inoculated with a culture from freshwater 
conditions is 70 g NaCl/L. In this UASB reactor, a rate of 1.7 g SO4/L/day was achieved with a feed 
of propionate and sulfate loading rate of approximately 10 g SO4/L/day (Vallero et al., 2003). In all 
cases, the exceedance of salinity concentrations resulted in a reduction of SRB performance or 
complete inhibition of sulfate removal. This impact of salinity on system performance however is 
not isolated to SRB but well documented across anaerobic digestion studies (Xiao & Roberts, 
2010). Explanations for the reduction in performance across these studies include a reduction in 
microbial activity as a result of the bio-energetic cost of maintaining the osmotic balance between 
the external environment and the cytoplasm of the cell under a high Na+ environment (Moussa et 
al., 2006; Oren, 2001; Sorokin et al., 2015), the selection of trophic groups or species with higher 
salinity tolerances (Feijoo et al., 1995; Li et al., 2014; Mottet et al., 2014; Panswad & Anan, 1999; 
Vallero et al., 2004), or the application of an inappropriate adaptation procedure to salinity (Kimata-
Kino et al., 2011). 
 
2.4.3 The effect of salinity on electron donors use by SRB 
The use of electron donors for sulfate reduction in reactors exposed to saline sulfate streams has 
been proven but primarily limited to electron donors such of acetate, propionate, ethanol, sucrose 
and methanol (Li et al., 2014; Vallero et al., 2002; Vallero et al., 2003; Vallero et al., 2005; van den 
Brand et al., 2015d). Favorable electron donors have been found to be ethanol or propionate, 
however the incomplete oxidation these compounds have been shown to lead to the build-up of 
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acetate in the effluent stream (Vallero et al., 2005; Vallero et al., 2004). This is suggested to be the 
result of the proliferation of incomplete oxidizers at higher salinities (Vallero et al., 2004).  
Similarly, in halophilic ecosystems where SRB can exist naturally, SRB isolated are found to be 
primarily incomplete oxidizers possibly as a result of electron donors which yield higher energy 
(e.g., Lactate ∆G°’= -160kJ)) being more favorable under conditions which can be considered as 
“energetically expensive” compared to donors like acetate (∆G°’ = -47.7kJ)(Oren, 2001).  
However, a bioreactor study with haloalkaliphilic organisms by Zhou and Xing (2015) found 
ethanol to be preferable electron donor compared to lactate despite the energy yield for the 
incomplete oxidation of lactate being greater than for ethanol (∆G°’= -160kJ for lactate vs. -132.7 
kJ for ethanol). Sulfate removal efficiency with lactate was only 68.3 % vs. 99% for ethanol. Hence 
thermodynamic favorability may not be the only factor determining the use of electron donors in 
hypersaline environments. Instead, the activity of other microbes, competitive or syntrophic, under 
these conditions may have some effect. 
 
2.4.4 Overcoming salinity stress with inoculum selection 
In sulfate reduction studies, recent studies have used cultures sourced from a haloalkaline 
environment such as soda lakes (salinity >23 g Na+/L, pH 9) for the treatment of sulfate-rich saline 
and alkaline flue gas wastewater. While sulfate reduction has been shown to proceed at these 
salinities, it remains unclear as to how these systems will behave under saline stress or varying 
salinities and whether they may be more immune to salinity stress compared to freshwater cultures. 
In addition, sourcing SRB from these extreme environments may not always be feasible given their 
scarcity and the poor acetate use (Sorokin et al., 2014; Zhou & Xing, 2015).   
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2.5 Summary of the literature review 
 
Following a review of the available scientific literature, the following knowledge gaps and potential 
key process limitations of using fermenter liquor from MSW as an electron donor and high salinity 
sulfate streams have been identified and summarized below. 
1. Poor use of acetate 
The VFA stream generated from MSW is compositionally high in acetate. However, in SRB 
reactors, the accumulation of acetate in reactor effluent has been identified as a primary issue in the 
feeding of a mixture of VFAs under sulfidogenic conditions. This is suggested to be due to acetate-
utilizing SRB developing at a slower rate compared to other SRBs and the incomplete oxidation of 
higher carbon compounds (e.g., propionate, butyrate) present in the feed stream to acetate (Celis et 
al., 2013; Elferink et al., 1994). Consequently, this becomes a potential drawback of using 
fermenter liquor as an electron donor for sulfate reduction. Acetate may possibly pass through the 
SRB system unused resulting in the requirement for a secondary treatment for the removal of 
acetate from the effluent stream or lead to the development of methanogens in the reactor. 
One avenue to explore to encourage the utilization of VFAs could be the selection of inoculum from 
either natural or engineered environments where SRB have been identified as having an active role 
in the removal of sulfate (e.g., aquatic sediments, sewers). These environments offer a diversity of 
SRB acclimated to simple electron donors present in the surrounding environment like those found 
in fermenter liquor. In addition, with environments such as aquatic sediments even found harbor a 
large proportion of acetate-utilizing SRB, it remains to be seen if the selection of SRB from these 
environments may assist the acetate removal capability of a sulfate-reducing reactor.  
2. Variations in the feed composition of fermenter liquor on sulfate reduction stability 
While the use of single carbon sources by SRB have been investigated in detail and have moreover 
been used in full-scale applications, assessing the performance of SRB under mixed-carbon feeding 
regimes is less prevalent (Brand et al., 2014; Celis‐García et al., 2007; García-Solares et al., 2014a; 
Omil et al., 1996; Visser et al., 1993). The combined versatility of SRB together with their 
syntrophic relationships with other organisms involved in the fermentation process makes sulfate 
reduction rates using fermenter liquor difficult to predict, resulting in poor estimations of 
performance. In addition, only a handful of studies have observed the changes in reactor 
27 
 
performance with changes in the VFA compositions in the feed stream (Celis‐García et al., 2007; 
Celis et al., 2013; García-Solares et al., 2014a; Omil et al., 1996).  
Understanding this performance of SRB is crucial when producing VFAs on-site from solid waste 
streams (or direct use of liquid waste streams) as the composition of these streams will comprise a 
mixture of VFAs which most commonly include acetate, propionate, butyrate, valerate and 
sometimes caproate (Cavdar et al., 2011; Uke & Stentiford, 2013). While acetate and butyrate are 
most prevalent, the compositional ratio of the VFAs may also vary due to the heterogeneity of 
MSW as well as the operational conditions of the fermentation process. 
3. The impact of saline and hypersaline conditions on the use of electron donors by SRB 
As highlighted in section 2.4, studies have shown that imposing salinity to a SRB culture results in 
reductions in system performance and the poor use of acetate. To understand these changes in 
electron donor, studies have suggested a change in dominant trophic groups or species with salinity, 
however none of these claims have been proven through the study of the changes in microbial 
community with salinity.  
Furthermore, while seeding a SRB bioreactor with a salt acclimated culture accustomed to the 
salinity of the reactor could be one way to overcome this limitation, the response of these cultures to 
further increments in salinity remains unexplored together with the changes in electron donor usage 
which occur as a result. This is important when dealing with sulfate waste streams due to their 
variability in salinity which may occur due to changes in the source or usage of process water 
within mineral processing, or changes in climate. In addition, with studies only exploring the use of 
single electron donors by SRB at hypersaline conditions, the performance of such a system to 
multiple electron donors in fermenter liquor remains unexplored and hence unpredictable.  
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3  
Research Objectives 
 
The overall aim of this thesis is to demonstrate the effectiveness of fermenter liquor generated from 
MSW as an electron donor to be used with high salinity sulfate streams for biological sulfate 
reduction.  
Based on the summary of the literature gaps provided in section 2.5 there has been limited 
examination of the effects of multiple electron donors like those present in fermenter liquor on the 
performance of SRB (with studies only observing up to a mixture of three VFAs), and on how this 
performance on multiple electron donors may be affected by (i) the salinity of the incoming sulfate 
stream and (ii) the syntrophic and competitive relationships of SRB with other organisms in the 
culture. To address these research gaps the following three research objectives (RO) have been 
formulated. 
 
RO1: Understand the influence of inoculum selection on the use of organic carbon in sulfate-
reducing reactors 
The poor use of acetate has been identified in sulfate-reducing systems using solid organic waste or 
mixed VFAs as an electron donor. Natural and man-made environments, however, have been shown 
to offer a diversity of SRB acclimated to simple electron donors like those found in fermenter 
liquor, with some environments even harboring large populations of acetate-utilizing SRB. As a 
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result, this objective attempted to overcome acetate accumulation in sulfate-reducing reactors 
expected to occur with a feed of fermenter liquor through screening for versatile and diverse 
cultures of SRB from existing man-made and natural environments.  
     
RO2: Investigate the effect of high salinity on the ability of a sulfate-reducing culture to utilize 
a synthetic stream of fermenter liquor 
Numerous mining and mineral processing operations operate on high salinity process water due to 
poor access to freshwater and, as a result, generate a waste sulfate stream of a high salinity. Yet, 
there remains only a handful of studies which have investigated the effects of salinity on sulfate 
reduction. While a decline in sulfate-reducing reactor performance with salinity has been 
highlighted, there remains minimal understanding on the changes in the use of a mixture of simple 
organics by SRB with salinity. Furthermore, the use of a salt tolerant cultures as a strategy to 
minimize the impact of higher salinities has yet to be investigated. 
As such, this objective was aimed at understanding how SRB that are accustomed to a saline 
environment responded to stepwise salinity increments and how this influenced the use of mixed 
VFAs like those found in fermenter liquor. Differences in performance under saline and hypersaline 
conditions was monitored to determine if performance varied significantly and whether the dilution 
of the sulfate stream is necessary to ensure reactor performance can be maintained. The microbial 
community was periodically monitored to provide further insight into how changes in system 
performance may be correlated with changes in the sulfate-reducing community.  
 
RO3: Assess the performance of a sulfate-reducing culture in response to a feed of fermenter 
liquor under saline and hypersaline conditions 
This objective was key to addressing the overall aim of the thesis. Real fermenter liquor was 
assessed as an electron donor for sulfate reduction with high salinity sulfate streams. The key 
performance criterion was the proportion of COD in the fermenter liquor that was directed towards 
sulfate reduction at a fixed residence time.  
This criterion was assessed with use of saline and hypersaline sulfate streams to determine 
differences in reactor performance with salinity. Influent and effluent properties of sulfate-reducing 
reactors was examined to determine the usage of favorable electron donors in fermenter liquor. 
Finally, the effect of fluctuations in COD compositions of the fermenter liquor as a result of the 
maturation of the fermentation process was also studied.  
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4  
Materials and 
Methods 
 
4.1 Operational stages 
 
The experimental plan of this thesis was divided into two phases: an enrichment phase where SRB 
were cultured from three environmental sources; and the key experimental phase where one culture 
of enriched SRB was used to inoculate two semi-continuous reactors which were subject to 
different feed conditions.  
Table 4-1 provides a summary of the operational stages and reactors used in this thesis. As the 
methodology for each stage is unique to each objective, a more detailed description is provided 
within each result chapter (i.e. Chapters 5 to 7). Standard methods used across all experiments and 
descriptions of the reactors are provided in the following sections.  
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Table 4-1 Summary of reactors and feed utilized for each RO and phase. 
Phase Objective Reactors 
Working 
Volume 
(L) 
Operational 
Mode 
Feed 
E
n
ri
ch
m
en
t RO1: Understand the influence of 
inoculum selection on the use of 
organic carbon in sulfate-
reducing reactors. 
 
6 x SRB 
enrichment 
reactors 
2.2 Semi-continuous 
Glucose or 
mixed VFAs 
E
x
p
er
im
en
ta
l 
 
RO2: Investigate the effect of 
high salinity on the ability of a 
sulfate-reducing culture to utilize 
a synthetic stream of fermenter 
liquor. 
 
2 x SRB reactors 
 
 
1.4 
 
 
 
Semi-continuous 
Synthetic 
fermenter 
liquor 
RO3: Assess the performance of 
a sulfate-reducing culture in 
response to a feed of fermenter 
liquor under saline and 
hypersaline conditions. 
2 x SRB reactors 
 
1.4 
 
Semi-continuous 
Fermenter 
liquor from 
MSW 1 x MSW 
fermenter 
175 
Batch 
fermentation of 
MSW with 
weekly liquor 
harvesting 
 
Three types of reactors were utilized in this thesis (Table 4-1). The experiments for the first 
objective (RO1) were conducted using six 2.2 L enrichment reactors, which were developed to 
enrich three environmental sources of SRB under two types of feed, glucose and mixed VFAs. The 
reactors were kept at 23°C in a temperature-controlled room and while this was not optimum for 
sulfate reduction, it was the best means to maintain consistent temperature to the six reactors.  
The experiments for the second objective (RO2) were conducted using two 1.4 L semi-continuous 
reactors fed with a synthetic stream of fermenter liquor represented by a mixture of VFAs. The 
same 1.4 L reactors were used to conduct the experiments for the third objective (RO3). These 
reactors were fed a real stream of MSW fermenter liquor. To generate this fermenter liquor, a MSW 
fermenter reactor was also used. Reactors in RO2 and RO3 were maintained at 30°C via use of the 
waterbath.  
As H2S produced from sulfate reduction can exist in the gaseous or aqueous phase and the preferred 
phase of H2S varies based on its application for metal recovery which is outside the scope of this 
thesis (section 2.2.1, (Kaksonen & Puhakka, 2007)), sulfate removal was monitored in all 
experiments as a means to reflect the potential H2S production in the reactors. Furthermore, as the 
temperature of the reactors varied between RO1 and, RO2 and RO3 and this could influence the 
activity of SRB, comparisons were in this thesis were only made between reactors maintained at the 
same temperature.   
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4.2 Reactor set up and operation 
 
4.2.1 Enrichment reactors 
4.2.1.1 Reactor set up 
Six enrichment reactors with a 2.2 L working volume were built (h: 30cm, d: 12cm). Each reactor 
was made with glass and had a single sampling port at the base and a feeding port and a biogas port 
fitted into the cap of the reactor. The reactors were placed in a temperature control room at 23 ± 1°C 
and stirred at a rate of 190 rpm. The headspace of each reactor was connected to a 1 M sodium 
hydroxide (NaOH) trap to capture H2S in the gas phase and prevent its release to the atmosphere. 
The protocol and basal media used to operate these reactors are described in Chapter 5. 
 
4.2.2 Semi-continuous reactors 
4.2.2.1 Reactor set up 
Two double walled 1.7 L cylindrical bioreactors (h: 15 cm, d: 12 cm) with a working volume of 
1.4 L were used for RO2 and RO3 (Figure 4-1). The pH of each reactor was maintained at 7 ± 0.2 
via a pH controller adding 2 M HCl when required. The temperature of each reactor was maintained 
at 30 ± 1°C by means of a thermoregulator which circulated heated water through the walls of both 
reactors. 
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Figure 4-1 Set-up of the semi-continuous SRB reactors used in RO2 and RO3. 
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Nitrogen gas (N2) was periodically sparged through the media of each reactor to ensure sufficient 
mixing and the concurrent removal of any inhibitory H2S. A vacuum pump (ME1 diaphragm pump, 
Vacuubrand) with a gas flow rate 11 L/min was used to allow for the recirculation of N2. H2S laden 
gas was passed through a NaOH solution (1.5 M) to trap any H2S and CO2 after which the scrubbed 
gas was returned to the reactor. Moisture traps in the recirculation loop served to prevent reactor 
media or moisture from entering the NaOH trap and vacuum pump. Peristaltic pumps were used to 
feed and drain both reactors simultaneously with the reactor fed and drained three times a day. The 
vacuum pump was switched on during each feed and drain event to ensure sufficient mixing by 
sparging the reactors with N2. 
4.2.2.2 Basal medium 
Reactors were fed with basal media supplemented with sulfate and the required electron donor. The 
composition of the basal media used was (g/L): MgCl2·6H2O 3; NH4Cl 1.044; KH2PO4 2.03; KCl 
0.27; K2HPO4 1.09. NaCl was added as required to match the required concentration of the reactor 
at the time of the experiment. The basal media was further supplemented with trace element 
solution (4.8 mL/L) prepared according to Zehnder et al. (1980) and vitamin solution (1 mL/L) 
prepared according to Widdel and Bak (1991). Sulfate was supplied as sodium sulfate and added to 
maintain a COD: SO4
2- ratio of 0.7 (g/g) throughout the experimental phase. The electron donor 
supplied was a mixture of acetate, propionate, butyrate, and valerate fed in a COD equivalent ratio 
of 2:1:3:0.5. 
4.2.2.3 Inoculum 
The reactors were each inoculated with 1 L of a sulfate-reducing mixed culture (0.3 g volatile 
suspended solids (VSS) /L) enriched from an estuarine environment fed with a mixture of formate, 
acetate, propionate and butyrate (1:2:1:1) and developed in the enrichment bioreactors during RO1 
(Chapter 5). The inoculum was grown at a sodium chloride concentration of 20 g NaCl/L for a 
period of 228 days.  
4.2.2.4 Reactor operation 
Following inoculation, each reactor was topped up with basal media  
(section 4.2.2.2) to meet a working volume of 1.4 L and the salinity of the media was adjusted to 
meet a NaCl concentration of 20 g NaCl/L. 
The operation of both reactors can be separated into the four stages shown in Table 4-2. While 
Stages 1 and 2 were not directly associated with any RO, they were required to deliberate the 
optimal parameters for reactor operation (where sulfate removal could be maintained above 85%) 
and attain steady state conditions under these parameters. 
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Table 4-2 Summary of the operational conditions applied to semi-continuous reactors. 
Stage 
Operating 
time (day) 
Objective 
Sulfate loading 
rate (g SO42-
/L/day) 
HRT            
(days) 
COD:SO42- 
(g/g) 
Reactor media 
1 0 to 111 
Determine 
optimal reactor 
conditions 
1.1 to 4.46 6.7 to 1.6 0.7* 
Basal media 
described in 
section 4.2.2.2. 
 2 111 to 138 
Achieve steady 
state conditions 
2.23 3.3 0.7 
3 138 to 267 RO2 2.23 3.3 0.7 
4 267 to 312 RO3 2.23 3.3 0.7 
Fermenter liquor 
with addition of 
NaCl to regulate 
salinity. 
*From days 0 to 18 the COD: SO42- ratio was 0.9 with this adjusted to 0.7 from Day 18 onwards.  
 
During the Stage 1 (Days 0 to 111), the reactors were operated at a sulfate loading rate of 1.1g SO4
2-
/L/day with this loading rate gradually raised to 4.46 g SO4
2-/L/day over 111 days through reducing 
the HRT of the reactor. With the optimal sulfate loading rate determined to be 2.23 g SO4
2-/L/day 
under a 3.3 day HRT in Stage 1, Stage 2 served solely to achieve steady state performance under the 
determined parameters in terms of sulfate removal rates (Days 111 to 138). A full profile of reactor 
performance together with an account of operational parameters during this time can be found in 
Appendix A (Table A-1, Figure A-1, A-2).  
RO2 (Stage 3) was only commenced following day 138. Consequently, this day is referred to as the 
start (Day 0) of the experimental phase. Reactor operational parameters used in Stage 2 were 
maintained throughout Stage 3 and 4. Further details on variables applied for these objectives can 
be found in their respective result chapters (Chapters 6 and 7). 
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4.2.3 MSW fermenter 
4.2.3.1 Reactor set up 
A 220 L (h: 135, d: 47 cm) stainless steel reactor was loaded with MSW for the generation of 
fermenter liquor (Figure 4-2). A mesh at the base of the reactor was used to support MSW and 
create a sump for the collection of fermenter liquor. A four arm distributor (each arm was 22 cm 
with 36 x 2 mm holes along each arm) attached to the underside of the reactor lid allowed for the 
adequate distribution of fermenter liquor through the bed of MSW. Once a day, fermenter liquor 
which had collected in the reactor sump over the previous 24 hours was drained from the reactor 
sump and subsequently recirculated to the distributor by means of a submersible pump operational 
at a flow rate of 23 L/min (AquaPro AP1050, Aquatec). The temperature of the reactor was 
maintained at 37 ± 1°C throughout the experiment by means of 450 W heating tape (Thermal 
Electric Elements, SS Braided Heat Trace) wrapped around the reactors and a thermal regulator 
(Thermo-controller, Eurotherm 3216). The reactor had sampling points located along the side of the 
reactor in 15 cm intervals which allowed for gas sampling through the waste bed. Any displaced gas 
in the headspace of the reactor was passed through a moisture trap and vented to the atmosphere. 
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Figure 4-2 MSW fermenter reactor set-up. 
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4.2.3.2 Reactor operation 
The reactor described in section 4.2.3.1 was loaded with 39.9 kg of sorted shredded MSW and filled 
with 20 L of tap water. The composition of the waste is shown in Appendix B, Figure B-1, 
characteristics of the MSW in Appendix B, Table B-1 and images of the fermenter and MSW used 
shown in Appendix B, Figure B-2. After loading and sealing the reactor, the reactor was sparged 
with N2 to create anaerobic conditions. Fermenter liquor was recirculated daily. At the end of every 
7 days, 5 L of the recirculated liquor was harvested and frozen at -20 °C until required. The 
removed liquor was subsequently replaced with 5 L of tap water to retain 20 L in the reactor. This 
process was continued for six weeks. Fermenter liquor was characterized for soluble COD (sCOD) 
components at the time of collection using the methods given in section 4.3 with these components 
shown in Appendix B, Figure B-3 and the pH of the liquor during reactor operation shown in 
Appendix B, Figure B-4. The headspace of the reactor was sampled daily using methods described 
in section 4.4. No methane (<1 %) was detected through the operation of the MSW fermenter 
(Appendix B, Figure B-5). 
Prior feeding selected fermenter liquor to the sulfate-reducing reactors described in section 4.2.2, 
fermenter liquor from the MSW reactors was once again characterized for sCOD concentrations, 
VFAs, succinic acid, glucose lactic acid, formic acid, ethanol, metal ions, NH4-N, and sulfate and 
chloride with the methods described in the following section 4.3.  
 
4.3 Liquid analysis 
 
Alcohols (ethanol, butanol, hexanol and propanol) and VFAs (acetic acid, propionic acid, iso-
butyric acid, butyric acid, iso-valeric acid, valeric acid, and hexanoic acid) were measured using an 
Agilent 7890A gas chromatograph equipped with a flame ionization detector and a capillary column 
(DB-FFAP 125-3212). Succinic, glucose, formic acid, and lactic acid were analyzed with a HPLC 
(Shimadzu) equipped with a Shimadzu refractive index (RID-10A) detector using a 300 mm x 7.8 
mm Phenomenex Rezex ROA-Organic Acid H+ column. Soluble COD was analyzed using a low 
range (10 – 150 mg.L-1) or mid-range (25 – 1500 mg.L-1) Spectroquant® cell and a SQ 118 
Photometer (Merck, Germany). Prior to the sCOD analysis, 0.3 mL of 4 M sulfuric acid was added 
to each sample and the sample was sparged with air for 10 minutes to remove any H2S that could 
interfere with the sample analysis. Total suspended solids (TSS) and VSS of the effluent of the 
reactors were analyzed using standard methods (APHA, 1999). When necessary, the salt present in 
biomass samples was dissolved prior to measurement. 
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Total Kjeldahl nitrogen (TKN) and total phosphate (TKP) was determined by a Lachat 
QuikChem8500 Flow Injection Analyzer using QuikChem method 10-115-01-1-D for TKP and 10-
107-06-2-D for TKN. Metal ions (aluminium, arsenic, boron, barium, calcium, cadmium, cobalt, 
chromium, copper, iron, potassium, magnesium, managenese, molybedium, sodium, nickel, 
phosphoros, lead, sulfur, selenium, and zinc) were analyzed using the inductive coupled plasma 
optical emission spectrophotometer (ICP-OES) following digestion with nitric acid. 
Analysis for dissolved sulfur species (i.e. sulfide, sulfate) was conducted using an ion 
chromatograph with a UV and conductivity detector (Dionex ICS-2000) using the method described 
by Keller-Lehmann et al. (2006). Prior to sample collection, a glass bead was placed in a 2 mL vial 
and this was filled with 1.8 mL of a sulfide anti-oxidant buffer to prevent the deterioration of the 
different sulfur species. Samples collected from reactors were then passed through a 0.22 µm filter 
with a 200 µm plastic tip attached and the first 2 mL of sample collected was discarded. The plastic 
tip was then immersed into the antioxidant buffer, and the sample gently dispensed into the vial 
until the vial was full. The sample was then capped and shaken with the glass bead ensuring the 
sample was well mixed in the absence of air bubbles.  
 
4.4 Gas analysis 
 
Gas samples were immediately analyzed by gas chromatography (GC) for CO2 and methane 
(Shimadzu GC-8A FID with 100/120 mesh ShinCarbon ST micropacked column) and oxygen, H2 
and N2 (Shimadzu GC-8A TCD with 80/100 mesh Mole Sieve 5A column). 
 
4.5 Microbial analysis 
 
4.5.1  DNA extraction, PCR amplification and amplicon sequencing 
Genomic DNA was extracted using the Maxwell 16 Research Instrument (Promega) according to 
the manufacturer’s protocol with the Maxwell 16 Tissue DNA Kit (Promega). DNA concentration 
was measured using a Qubit assay (Life Technologies) and was adjusted to a concentration of 
5ng/uL.  
The small subunit (SSU) ribosomal RNA (rRNA) gene encompassing the V6 to V8 regions was 
targeted using the 926F (5’-AAACTYAAAKGAATTGRCGG-3’) and 1392R(5’-
ACGGGCGGTGWGTRC-3’) primers. This universal primer pair amplifies the SSU ribosomal 
RNA of eukaryotes (18S) and prokaryotes (16S), specifically the V6, V7 and V8 regions.  The 
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preparation of the rRNA library was performed using the workflow outlined by Illumina 
(#15044223 Rev.B). 
Taxonomy was assigned using UCLUST (Edgar, 2010) with default parameters. Operational 
taxonomic units (OTUs) containing less than 0.01% of sequencing reads in a sample were filtered 
out prior to analysis.
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5  
The influence of inoculum selection on the use of organic 
carbon is sulfate-reducing reactors. 
 
5.1 Introduction 
 
A cheaper and widely available source of electron donors for biogenic H2S production compared to 
those currently used (i.e. ethanol and H2) could be the VFAs generated from the fermentation of the 
organic fraction of MSW. The extraction of VFAs from MSW would not only provide a 
concentrated source of electron donors for SRB but also assist in the stabilization of MSW prior to 
landfill, reducing unwanted greenhouse gas emissions.   
Although VFA use by SRB has been demonstrated, a key limitation is the capacity of the microbial 
consortia to utilize acetate (Barbosa et al., 2014; Bertolino et al., 2014; Celis et al., 2013; Velasco et 
al., 2008). SRB can either incompletely oxidize organic matter to acetate (incomplete oxidizers) or 
completely oxidize organic matter to CO2 (complete oxidizers) (Muyzer & Stams, 2008). While 
most complete oxidizers are capable of utilizing acetate as an electron donor for growth (Muyzer & 
Stams, 2008) these acetate utilizing SRB tend to have a slow growth rate compared to incomplete 
oxidizing SRB(Canfield et al., 2005). As a result, they are often outcompeted by incomplete 
oxidizing SRB for substrates used by both groups and are therefore difficult to enrich successfully 
(Hao et al., 2014).  
To combat poor acetate use, SRB reactors with the capacity to utilize acetate have been developed 
in previous studies by manipulating carbon sources fed to the system (Celis et al., 2013; Kousi et 
al., 2011) or by inoculating reactors with pure cultures of acetate utilizing SRB (Nagpal et al., 2000; 
Stucki et al., 1993; Vallero et al., 2005). However, the fermentation of MSW yields a mixed stream 
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of VFAs (predominantly acetate and butyrate (Cavdar et al., 2011)) that can only be fully utilized 
by a combination of acetate-utilizing complete oxidizing SRB amongst and incomplete oxidizers.   
Mangrove sediments, estuarine sediments, and sewers are all known to harbor a diverse community 
of SRB in response to exposure to a wide range of fermentation products in these environments 
(Holguin et al., 2001; Ito et al., 2002; Na et al., 2015; Parkes et al., 1989; Yanchen et al., 2016). 
Given such a diversity, including the widely reported presence of acetate-utilizing SRB, the 
consortia sampled from these environments may have the functional capacity to adapt to new 
proportions of fermentation products and overcome the underutilization of acetate encountered in 
sulfate-reducing reactors. The aim of this study was to explore the adaptability of a range of sulfate-
reducing cultures sampled from these environments to a suite of VFAs typically produced by the 
fermentation of MSW with a focus on acetate. Corresponding changes in the SRB community 
composition were also monitored to identify enriched species in the in reactors with the highest 
sulfate reduction rate.  
 
5.2 Materials and methods 
 
5.2.1 Inoculum selection and preparation 
The inocula for enrichment were biofilm from the paddles of a laboratory reactor fed continuously 
with domestic sewage (Liu et al., 2015a), sediment from a mangrove and sediment from an estuary. 
Descriptions of these inocula are provided in Table 5-1.  
 
Table 5-1 Description of inoculum sources used in RO1. 
Source Description Salinity* Classification 
Laboratory 
biofilm 
Biofilm sourced from the overhead paddles of a 
freshwater lab-scale reactor mimicking sediment 
conditions in sewers. The reactor was fed 
continuously with a domestic sewage (15-25 mg 
SO4-S/L) collected from a local pump station (Liu 
et al., 2015a). 
0.3 g/L Freshwater 
Mangrove 
sediment 
Soil sediment collected from a tidal mangrove, 23 
km from the mouth of the Brisbane River 
(Queensland, Australia). 
20-25 g/L Brackish** 
Estuary 
sediment 
Soil sediment collected from the seaside foreshore, 
Wynnum (Queensland, Australia). 
31 g/L Saline 
** Salinity is a measure of g dissolved inorganic matter per litre.  
*Brackish in this thesis is defined as any water with a salinity 0.5g/L and 30 g/ L(Barnes, 1989) 
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Sediment samples were collected and mixed with distilled water (in an inoculum: water ratio of 1:5 
v/v) and amended to the salinity level of the respective native environment with NaCl. Sediment 
samples were then sieved through a 2 mm mesh to remove large particles prior to being used to 
inoculate reactors.  
Each inoculum selected was used to inoculate two reactors, one fed with a mixture of VFAs 
(predominant in acetate) and the other with glucose. While VFAs were fed to one reactor to 
replicate key components in typical liquor from fermented organic waste, a feed of glucose 
provided a contrasting suite of fermentation products, via the naturally occurring fermentative 
bacteria within the culture. 
 
5.2.2 Medium 
All reactors were fed with a basal media supplemented with the electron donor, either glucose or a 
mixed feed of VFAs (supplied as sodium salts). The feed of mixed VFAs comprised of formate, 
acetate, propionate, and butyrate in a (COD equivalent) ratio of 1:2:1:1. Given that most SRB 
capable of growing on hydrogen can also grow on formate, formate was fed to replicate dissolved 
hydrogen which would typically be present in fermenter liquor (Widdel, 1988). 
Sulfate was supplied as sodium sulfate (Na2SO4) and added in the appropriate amounts to maintain 
the desired COD: SO4
2- ratio. The composition of basal media used was (g/L): KCl 0.3; NH4Cl 0.3; 
KH2PO4 0.2; CaCl22H2O 0.15. Vitamin solution (1 mL/L) and trace element solution (3 mL/L) was 
added and prepared according to Widdel and Bak (1991). Given that the salinity in the 
environments from which the inocula were sourced are vastly different, operating at a single salinity 
may favor one inoculum over the other. Consequently, NaCl and MgCl26H2O were added to the 
basal medium to emulate the salinity of the natural environment from which the inoculum was 
sourced, as per recommendations by Widdel and Bak (1991). The media was sparged with N2 once 
a week for 10 minutes at a flow rate of 5 L/min to maintain anaerobic conditions and remove any 
inhibitory H2S.  
 
5.2.3 Reactor set up and operation 
The six glass reactors with a 2.2 L working volume were constructed with details provided in 
section 4.2.1. The reactors are referred to according to the source of inoculum (biofilm, mangrove, 
and estuary) followed by the type of substrate feed provided (VFA or glucose). At the start of the 
experiment, 150 mL of diluted and salt adjusted inoculum was added to each reactor. The VSS of 
the reactors at the start of the experiment is given in Appendix C, Figure C-2.  
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The operational mode applied to the reactors was made up of three stages. In stages 1 and 2 (the 
first 182 days of operation), the reactors were operated in semi-batch mode by replacing media on a 
weekly basis. In stage 3, the reactors were switched to a daily feed mode.   
During stage 1 (Day 0 to 77), reactors were run in 28-day long cycles with 25% of reactor media 
replaced weekly to prevent excessive biomass washout during the enrichment of SRB. Throughout 
this period, an influent COD of 2.5 g COD/L and COD: SO4
2- ratio of 0.5 (g/g) was used such that 
sulfate was in excess to favor the growth of SRB. In Stage 2 (Day 77 to Day 182), following the 
confirmed presence of SRB in all cultures, the COD in the feed media was raised to 5.8 g COD/L to 
encourage the growth of biomass and the cycle duration reduced to 14 days to limit product 
inhibition. The sulfate concentration was set to maintain a COD: SO4
2- ratio of 0.7 (g/g). In Stage 3 
(days 182 days to 228), the reactors were switched to a daily feed mode while maintaining the same 
influent concentration, COD: SO4
2- ratio and cycle duration. 
 
5.2.4 Analysis 
Samples of the reactor effluent were analyzed on a weekly basis for sCOD, VFAs, sulfur species, 
lactic acid, ethanol, pH, TSS, and VSS as per methods described in section 4.3. 
 
5.2.5 DNA extraction and amplicon sequencing 
Samples were taken for microbial analysis from the original inoculum sources (day 0) and from the 
reactors on the final day of operation (day 228). Details on the methods used for DNA extraction 
and SSU rRNA sequencing can be found in section 4.5. 
 
5.2.6 Sulfate reduction activity assays 
Batch assays were conducted on the effluent of all reactors using acetate as an electron donor to 
distinguish acetate usage from acetate production via incomplete oxidation in all reactors. While an 
understanding of propionate and butyrate usage could be derived from the effluent quality of the 
VFA-fed reactors, this was not possible in the glucose-fed reactors. Consequently, batch assays 
were also conducted on the effluent of only the glucose reactors using propionate and butyrate as 
electron donors.  
Batch assays were performed on day 227 in triplicate. In a 50 mL serum bottle, 45 mL of reactor 
effluent was pre-incubated for 24 hours, after which it was spiked with 0.3 g COD/L of the relevant 
electron donor. Sodium sulfate was added in the same COD: SO4
2- ratio as that in the influent fed to 
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the reactors. Blank assays containing solely reactor effluent with no added carbon source were used 
to correct for any background sulfate reduction. 
To ensure anaerobic conditions, the serum bottle containing the media was sparged with N2 for 2 
minutes prior to sealing with a butyl stopper and aluminum crimp. The bottles were sampled every 
12 hours for VFA, COD and sulfate usage for 72 hours. The specific sulfate reduction activity was 
expressed as the rate of reduction of the sulfate concentration divided by the concentration of VSS 
in the serum bottle. 
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5.3 Results 
 
5.3.1  Reactor performance  
In the first 28-day cycle of stage 1, all reactors were capable of achieving sulfate removal 
efficiencies above 45%, with the estuary VFA achieving the greatest removal of 82% (Figure 5-1a). 
In the second cycle, poor sealing in the caps of the reactors led to the decline in sulfate removal 
efficiencies in all reactors. The reactors however were shown to recover by the third cycle with 
improved sulfate removal efficiencies in all reactors following repair of the leak.  
 
 
Figure 5-1 Sulfate removal efficiencies for a) the cyclic operation used in Stage 1 and 2 and b) for the daily 
feed mode applied in Stage 3.Reactors in Stage 1 and 2 of (a) are represented by ( ) Biofilm VFA ( ) 
Biofilm glucose ( ) Mangrove VFA, ( ) Mangrove glucose, ( ) Estuary VFA, and ( ) Estuary glucose 
reactors and reactors in Stage 3 are represented by () Biofilm VFA (+) Mangrove VFA (▲) Estuary VFA 
and b) Glucose fed reactors () Biofilm glucose (●) Mangrove glucose (X) Estuary glucose. 
 
An increase in loading rate applied at the start of stage 2 led to a reduction in sulfate removal in all 
reactors with an exception to the biofilm VFA and estuary glucose reactors that achieved sulfate 
removal efficiencies of 51% and 100%, respectively. Under these operational conditions, high 
sulfate removal efficiencies (86% to 100%) were maintained in the estuary glucose reactor 
throughout most cycles while the mangrove glucose showed a steady increase in sulfate removal 
from 40% to 86%. Sulfate removal remained consistently low in the biofilm glucose reactor 
between 25 and 45%. The performance of the VFA-fed reactors was found to fluctuate through this 
feeding stage however rates between 45% and 60% were measured in the last three feeding cycles 
of stage 2. Steady state conditions in respect to sulfate removal efficiency could not be achieved in 
all reactors under the mode of operation applied in stage 2 (Figure 5-1a). Consequently, the reactors 
were switched to a daily feeding routine (stage 3), which resulted in stable sulfate removal 
45 
 
efficiencies in all reactors (Figure 5-1b). In the mangrove and estuary inoculated VFA-fed reactors, 
this mode of operation led to significant improvements in sulfate removal efficiencies in the 
reactors from 51 to 52% on day 182 to an average 83 to 88% from day 217 onwards.  
The performance of the reactors during the stable operation attained in stage 3 are shown in 
Table 5-2 while organic effluent compositions during this time are shown in Figure 5-2. Volumetric 
sulfate reduction activity in both the biofilm inoculated VFA and glucose-fed reactors was the 
lowest (0.09 and 0.06 g SO4-S/L/day, respectively) with only 41-47% of the influent COD being 
utilized in these reactors (Table 5-2, Figure C-1). The highest volumetric rates of sulfate reduction 
occurred in the mangrove VFA reactor (0.17 g SO4-S/L/day) and the estuary glucose reactor (0.16 g 
SO4-S/L
/day) which corresponded to high COD removal efficiencies (84 and 95%, respectively) in 
these reactors.   
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Table 5-2 Summary of reactor performance and efficiency in the enrichment reactors in stage 3. Error shown is the 95% confidence interval. 
 VFA fed reactors Glucose fed reactors 
Biofilm Mangrove Estuary Biofilm Mangrove Estuary 
Effluent Properties    
COD (g COD/L) 3.27 ± 0.15 0.83 ± 0.07 0.98 ± 0.13 2.94 ± 0.25 0.36 ± 0.08 0.25 ± 0.09 
Sulfate (g SO4-S/L) 1.37 ± 0.05 0.31 ± 0.06 0.45 ± 0.06 1.80 ± 0.02 0.53 ± 0.05 0.44 ± 0.06 
VSS (g /L) * 0.22 ± 0.02 0.28 ± 0.05 0.31 ± 0.04 1.29 ± 0.12 1.35 ± 0.06 1.29 ± 0.05 
Conversion efficiencies      
COD removal (%) 44 ± 3 86 ± 1 83 ± 2 49 ± 4 94 ± 1 95 ± 2 
Sulfate Removal (%) 49 ± 6 88 ± 6 83 ± 6 32 ± 6 80 ± 6 84 ± 6 
Sulfate reduction rate 
(g SO4-S/L/day) 
0.09 ± 0.02 0.17 ± 0.00 0.16 ± 0.00 0.06 ± 0.02 0.15 ± 0.00 0.16 ± 0.00 
Specific sulfate reduction 
rate (g SO4-S/gVSS/day) 
0.43 0.59 0.50 0.05 0.11 0.12 
* Profile of VSS for all reactors through all stages shown in Figure C-2 
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a) 
 
 
b) 
 
Figure 5-2 Influent and effluent COD concentrations and composition shown in COD equivalence for a) 
VFA and b) glucose fed reactors in Stage 3 ( ) glucose ( ) acetate ( ) propionate (  ) butyrate ( ) 
formate. Full profile of effluent COD concentrations with time are shown in Figure C-3 (VFA fed) and C-4 
(glucose fed). 
 
In the VFA-fed reactors, acetate was the main VFA component in the effluent (Figure 5-2a). In the 
mangrove and estuary VFA reactors, acetate effluent concentrations decreased with time with 
acetate comprising of 49 and 47% of effluent COD, respectively following day 217 (Figure 5-2a, 
Figure C-3). Propionate concentrations were similarly high in these reactors comprising of 46% of 
the effluent in both reactors. In the biofilm VFA reactor, a much larger proportion of the effluent 
COD was acetate (87%) followed by equal amounts of propionate and butyrate. Effluent acetate 
concentrations in the biofilm VFA reactor (2.84 ± 0.16 g COD/L) exceeded influent acetate 
concentrations (2.32 g COD/L) implying that activity in this reactor was primarily from formate 
oxidation and the incomplete oxidation of butyrate and propionate to acetate.  
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Similarly, acetate was present in the highest concentration amongst other VFAs in the effluent from 
the glucose reactors (Figure 5-2b, Figure C-4). Given that acetate was not directly fed to the glucose 
reactors, it was formed by the fermentation of glucose and the oxidation of higher chains VFAs as 
seen in other studies (Sharma & Biswas, 2013). Underutilization of acetate was greatest in the 
biofilm glucose reactor with 1.6 to 1.9 g COD/L in the effluent (27-33% of the influent COD), 
whereas in the mangrove and estuary glucose reactors this was less evident with 0.2 - 0.4 g COD/L 
in the effluent (3-6% of the influent COD). Other VFAs detected in the effluent of the glucose-fed 
reactors comprised propionate and butyrate.  
 
5.3.2 Sulfate reduction activity assay 
Low acetate concentrations in the effluent of the mangrove and estuary reactors (Figure 5-2) were 
supported by high specific acetate utilization rates found in the activity tests (Table 5-3). The 
highest specific rates were measured in the VFA-fed reactors inoculated with mangrove and 
estuarine sediments (0.11 and 0.13 g SO4-S /g VSS/day, respectively) followed by the glucose-fed 
reactors (0.04 and 0.06 g SO4-S/g VSS/day). As expected, both biofilm inoculated reactors did not 
respond to spikes of acetate because acetate was already present in excess in the effluent of both 
reactors (Figure 5-2).  
While all communities were capable of butyrate usage, only the consortia in the mangrove glucose 
reactor was able to utilize butyrate for sulfate reduction. Propionate sulfate reduction activity was 
present in the mangrove and estuary reactors with only the estuary inoculated reactor oxidizing 
propionate without any detectable production of acetate (Table 5-3).  
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Table 5-3 Specific sulfate reduction activity in response to acetate, propionate and butyrate in batch activity assays. 
Reactor 
feed  
Inoculum Proportion of 
tested substrate in 
reactor feed (%) 
(COD equiv.) 
Conversion of 
COD to SO42- 
(%) 
Volumetric sulfate 
reduction rate  
(g SO4-S /L /day) 
Specific sulfate reduction 
rate  
(g SO4-S /g VSS/day) 
Reference 
Tested Substrate: Acetate 
Mixed VFA Biofilm 40 n.d n.d. n.d. This study 
  Mangrove 40 100 0.03 0.11 
 Estuary 40 100 0.04 ± 0.02 0.13 ± 0.03 
Glucose 
 
Biofilm n.d n.d n.d. n.d. This study 
 Mangrove n.d 100 0.07 ± 0.02 0.05 ± 0.02 
Estuary n.d 100 0.08 ± 0.002 0.06 ± 0.002 
Mixed VFA Sulfidogenic sludge* 33 70 to 79  0.12 to 0.19 Omil et al. (1997) 
Acetate and 
lactate 
Sulfidogenic sludge** 50 n.d 0.15 0.08 g SO4-S.gVIS-1.day-
1*** 
Celis et al. (2013) 
Tested Substrate: Butyrate  
Glucose 
 
Biofilm 0 0 n.d n.d This study 
 Mangrove 0 100 0.09 0.06 
Estuary 0 0 n.d n.d 
Tested Substrate: Propionate 
Glucose 
 
Biofilm 0 n.d n.d. n.d. This study 
 Mangrove 0 90 0.13 ± 0.02 0.09 ± 0.01 
Estuary 0 100 0.09 ± 0.03 0.07 ± 0.01 
n.d: not detected  
*Mixture of acetate and mixed VFA-fed sulfidogenic sludge, **Ethanol fed sulfidogenic sludge, *** VIS: Volatile immobilized solids
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5.3.3 Microbial population 
The phylogenetic analysis highlighted both differences in the starting inocula and the effect of the 
feed on the final community composition. Each inoculum and enrichment was distinct at a phyla 
level (Figure 5-3). The communities in the VFA-fed reactors became predominantly composed of 
the phyla Proteobacteria (68 – 88%). The communities enriched on glucose varied, with Firmicutes 
(45%) and Proteobacteria (25%) eventually dominating the biofilm inoculated reactor, 
Proteobacteria (66%) dominating the mangrove inoculated reactor and Firmicutes (35%) and 
Proteobacteria (32%) becoming dominant in the culture obtained from the estuary sediment.  
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Figure 5-3 Microbial community composition based on 97% similarity. Heatmap of the initial inoculum 
samples and the samples taken on the final day (Day 228) of reactor operation. For genera that could not be 
identified, the closest known taxonomic rank is identified in brackets (g=genus, f = family, o= order, 
c=class).  The dotted line box outlines known sulfate reducers within the samples.  
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The majority of SRB exist within the Deltaproteobacteria class, a subset of the Proteobacteria 
phyla (Muyzer & Stams, 2008). Therefore, the relative abundance of Deltaproteobacteria in total 
reads of all samples is given in Table 5-4 together with abundant genera within this class.  
Deltaproteobacteria were enriched from small relative abundances in all original inocula (Table 5-
4), in particular the mangrove sediment where the relative abundance of Deltaproteobacteria was 
below detectable levels. 
The majority of OTUs (98%) within the Deltaproteobacteria population in the estuary sediment 
were from the Desulfobulbaceae family, although a genus could not be identified. SRB species in 
the biofilm culture were primarily members of the Desulfobulbus genus, a genus within the 
Desulfobulbaceae family most commonly known for their usage of propionate in the presence of 
sulfate (Muyzer & Stams, 2008).  
At the end of reactor operation, the Deltaproteobacteria class was dominated by Desulfovibrio in 
all VFA-fed reactors (Figure 5-3), which comprised 60-70% of the OTUs within the 
Deltaproteobacteria class. The remainder of the Deltaproteobacteria population was primarily 
Desulfobulbus in the biofilm inoculated reactor and Desulfobacter in the mangrove and estuary 
reactors. 
The Deltaproteobacteria population in the glucose-fed reactors was dominated by Desulfovibrio in 
the biofilm and mangrove inoculated reactors (95 and 54%, respectively) and by the Desulfobacter 
genus in the estuary inoculated reactor (60%).  
One prominent OTU (OTU 10926) within the Desulfobacter genus was found to be shared in all of 
the reactors inoculated with estuarine and mangrove sediments (Table 5-4). This OTU was below 
quantifiable limits in the mangrove sediment and comprised only 0.01% of the total OTUs in the 
estuary sediment but grew to levels that comprised 59% and 47% of the total Desulfobacter OTU 
count in the final mangrove and estuary VFA-fed reactors, respectively, and 62 % and 48 % of the 
total Desulfobacter OTU count in the final mangrove and estuary glucose-fed reactors, respectively. 
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Table 5-4 Relative abundance of the Deltaproteobacteria, Desulfovibrio, Desulfobacter, and Desulfobulbus in all total reads for all samples. 
 
Group 
Relative abundance in total reads (%) 
Sewer Mangrove Estuary 
Initial Glucose fed VFA fed Initial Glucose fed VFA fed Initial Glucose fed VFA fed 
Deltaproteobacteria 0.21 12.50 75.00 0 4.20 74.0 5.30 8.10 67.00 
       Desulfovibrio 0.02 11.80 48.00 0 2.30 46.30 0 
 
0.29 
 
47.00 
       Desulfobulbus 0.17 0.01 18.31 0 0.00 1.60 0 0.00 3.80 
       Desulfobacter 0 0 0 0 0.60 19.20 0.01 4.91 11.50 
                OTU 10926 0 0 0 0 0.37 11.25 0.01 2.40 5.46 
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5.4 Discussion 
 
5.4.1 COD and sulfate removal in reactors 
The results of this study show that inoculum is an important factor in influencing acetate removal 
and production in sulfate-reducing reactors. This by-product was the main VFA constituent in the 
effluent of all reactors, confirming its relevance as the rate-limiting step of sulfate reduction.  
The mangrove and estuary inoculated reactors had better acetate utilizing capacities as compared to 
the biofilm-inoculated reactors. The specific sulfate reduction rates in response to acetate in the 
mangrove and estuary VFA reactors (0.11 and 0.13 g SO4-S/g VSS/day, respectively) were 
comparable with other studies (Celis et al., 2013; Omil et al., 1997) where similar rates were 
obtained by using a feed stream with a higher concentration of acetate (50%) or an established 
acetate utilizing sulfate-reducing population.  
In contrast, specific sulfate-reducing rates on acetate measured in the glucose-fed mangrove and 
estuary reactors were found to be lower compared to both the VFA-fed mangrove and estuary 
inoculated reactors and other studies shown in Table 5-3. Despite this, the reactors were able to 
maintain high COD and sulfate reduction rates in conjunction with low acetate effluent 
concentrations (Table 5-2, Figure 5-1). This suggested that the sulfate-reducing community 
enriched in the glucose-fed reactors may have been consuming glucose directly as seen in other 
studies (Liamleam & Annachhatre, 2007; Zhou & Xing, 2015) or the intermediates of glucose 
fermentation without any significant formation of acetate as suggested by the batch activity assays 
(Table 5-3).  
Acetate effluent concentrations were found to be significantly higher in the effluent of the biofilm 
inoculated reactors as compared to the mangrove and estuary inoculated reactors (Figure 5-2). 
While a specific sulfate reduction rate on acetate could not be determined for these biofilm 
inoculated systems during the duration of the activity assay (Table 5-3), a net production of acetate 
together with the low sulfate removal efficiencies (Table 5-2) are suggestive that the biofilm culture 
was unsuitable inoculum for a sulfate-reducing reactor fed with or producing acetate. This poor 
performance could possibly be attributed to growth in a suspended environment being non-ideal for 
this inoculum given its previous growth as a biofilm under attachment to the paddles of a laboratory 
reactor. Consequently, key communities present may have been washed out early on during 
operation. 
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5.4.2 The effect of the feeding regime on reactor performance  
Despite the superior capabilities of the mangrove and estuary reactors in stage 3, both the mangrove 
and estuary VFA reactors held poor sulfate removal efficiencies similar to that of the biofilm 
inoculated reactors in stage 2. A switch to daily feed mode in stage 3 led to significant 
improvements in sulfate removal efficiencies (40 to 80%) and simultaneous reductions in acetate 
effluent concentrations (Figure C-3) in these reactors implying a growth in the acetate-utilizing 
SRB population. Given that previous studies have found a gradual feed strategy to improve sulfate 
removal efficiencies over a batch feeding strategy (Archilha et al., 2010) it is plausible that under 
the high loading rates applied in stage 2, a batch feeding at the start of the week led to the creation 
of inhibitory conditions by the direct feeding of VFAs (Costabile et al., 2011; Koschorreck et al., 
2004). Subsequently, a switch to daily feed mode, a more gradual feed strategy, would have 
removed or lessened these inhibitory conditions in the VFA-fed reactors potentially enhancing the 
growth of the acetate utilizing community.  
This is, however, not the case for the biofilm VFA reactor which did not show improvements in 
system performance upon the change in feeding mode. This could be due to a slower growth rate of 
acetate users in the biofilm inoculated reactors compared to the estuary and mangrove reactors 
given that some acetate utilizing SRB have been found to develop much slower than others (e.g., 
the doubling time of acetate utilizing Desulfobacter is 18 hours vs 1.7 days hours for Desulfobacca 
(Colleran et al., 1995; Oude Elferink et al., 1999; Rabus et al., 2006). With one study observing 
only a 13.5% improvement in the activity of acetate utilizing SRB over a reactor operation of 139 
days (Lens et al., 1998), the run time of stage 3 (46 days) may have been insufficient to allow for 
the substantial growth of acetate-utilizing SRB in the biofilm VFA reactors.  
Similarly, low sulfate removal rates in the biofilm glucose reactor occurred throughout stage 2 and 
3. This poor performance could be a function of the high organic loading rate applied in stage 2 
which led to an immediate reduction in sulfate removal recorded in both the biofilm and mangrove 
glucose-fed reactors. While the SRB population in the mangrove glucose reactor was able to 
acclimatize to the increase in loading rate with time, the failure of the SRB community in the 
biofilm glucose reactor to cope could be due to an active acetotrophic and incomplete oxidizing 
SRB community producing acetate at a much greater rate than at which it could be consumed by 
any acetate utilizing SRB under the given reactor conditions (Kaksonen et al., 2003a). 
 
5.4.3 Understanding COD usage through microbial compositions 
The genera identified within the Deltaproteobacteria class of samples can be used to better 
understand the differences in reactor performance across inocula. At the end of operation, all VFA 
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reactors shared a high proportion of Desulfovibrio amongst their sulfate-reducing population (Table 
5-4). The majority of species within the Desulfovibrio genus are associated with the incomplete 
oxidation of carbon sources to acetate with commonly utilized substrates including lactate, 
pyruvate, ethanol, formate and H2 (Hao et al., 2014). The partial oxidation feature of members of 
this genus and high relative abundance of Desulfovibrio in all reactors is consistent with continual 
net acetate production in the VFA-fed biofilm reactor and intermittent acetate production in the 
VFA-fed estuary and mangrove reactors (Figure 5-2).  
Acetate consumption however improved with time in the mangrove and estuary reactors (Figure C-
3). The enhanced acetate consumption in the mangrove and estuary inoculated reactors could be 
explained by the enrichment of Desulfobacter in these reactors (Table 5-4). The majority of species 
within the Desulfobacter genus are capable of higher growth rates on acetate compared to any other 
acetate utilizing SRB, with maximum growth rates of 0.84 to 0.94 day-1 and a tendency to use 
acetate exclusively or preferentially to other compounds (Colleran et al., 1995; Rabus et al., 2006). 
While some strains of Desulfobacter can feed off other compounds such as ethanol, studies have 
found Desulfovibrio to remain the dominant strain when in competition with Desulfobacter for 
these compounds (Laanbroek et al., 1984; Nagpal et al., 2000). Consequently, in these reactors, it is 
most likely the two genera exist non-competitively where Desulfobacter feeds off the acetate 
formed from the incomplete oxidation of compounds by Desulfovibrio. 
The presence of Desulfobacter in the estuary and mangrove inocula is expected given that strains of 
Desulfobacter have been previously identified in marine or brackish environments (Boschker et al., 
2001; Purdy et al., 2001). Although this genus was not originally identified in the mangrove 
sediment (Table 5-4), the sizeable population at the end of reactor operation suggests it was present 
but below detection limits in the original inoculum.  
In contrast, the absence of any significant populations of Desulfobacter in the reactor inoculated 
with the biofilm culture after enrichment, unlike in the reactors inoculated with mangrove sediment 
where Desulfobacter established from undetectable levels, implies that operational conditions were 
not ideal for this genus or that the genus was not present in the inoculum. As the optimal salinity 
range for the growth of Desulfobacter has been reported to be between 15 to 30 ppt (Muthumbi et 
al., 2001), it could be argued that the low salinity of basal media (0.3 ppt) used in the biofilm 
enrichments was responsible for its absence. However, given that Desulfobacter spp. have been 
enriched in several studies to become dominant in low salinity media from non-saline inoculum 
(Kousi et al., 2011; Mohanakrishnan et al., 2011; Widdel, 1987) together with other acetate utilizing 
SRB (Celis et al., 2013) suggested that acetate utilizing SRB was simply absent in the biofilm to 
start with. This can be further supported by the abundance of Methanosaeta in the initial inoculum 
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relative to SRB (Figure 5-3). It is likely that acetate-utilizing methanogenic Methanosaeta were the 
key acetate users in the inoculum with any SRB present using alternate electron donors for growth 
(Sun et al., 2014).  
 
5.5 Conclusions  
 
This study investigates the capacity of three inocula to utilize typical fermentation products of 
MSW. The key findings of this work are: 
1. The mangrove and estuarine inoculated reactors demonstrated higher sulfate removal 
efficiencies (80 – 88%) compared to the biofilm inoculated reactors (33 – 49%) primarily 
because the cultures in these reactors could utilize acetate. 
2. Improved acetate removal capabilities can be explained by the population of Desulfobacter, 
an acetate utilizing SRB present only in the mangrove and estuary sediment inoculated 
reactor communities. Desulfobacter however was not identified in the taxonomic profile of 
the initial mangrove sediment inoculum.  
3. The ability of the inoculum to utilize a suite of VFAs in a sulfate-reducing reactor may not 
be evident in the taxonomic profile of the initial inoculum. The effectiveness of a SRB 
culture to use mixed VFAs can only be determined by long term reactor studies where the 
populations can enrich to metabolize the available substrates. 
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6  
The effect of high salinity on the ability of a sulfate-
reducing culture to utilize a synthetic stream of 
fermenter liquor. 
 
6.1 Introduction 
 
As a waste stream found across numerous industrial processes (e.g., tannery operations, 
petrochemical processes and pharmaceutical production), sulfate laden wastewaters are also a 
common by-product in mineral processing and hydrometallurgical extraction processes where 
sulfuric acid is used as the key leaching agent (Hao et al., 2014; Silva et al., 2010). Biological 
sulfate reduction has been shown to meet sulfate discharge limits and facilitate the recovery of 
metals that may be present in these waste streams (Hao et al., 2014). However, the high salinity of 
some sulfate streams is found to make biological sulfate reduction less effective (Douglas & 
Degens, 2006; Huisman et al., 2006). Consequently, prior to using saline or hypersaline sulfate 
waste with a feed of fermenter liquor from MSW, the effects of saline stress on COD and sulfate 
usage needs to be quantified and if possible, minimized or mitigated.   
Numerous studies have reported the negative impact of higher salinity on cultures of SRB taken 
from non-saline environments (Li et al., 2014; Vallero et al., 2002; Vallero et al., 2003; Vallero et 
al., 2004; van den Brand et al., 2015d) with one of the hypotheses for the reduction in performance 
including the selection of trophic groups or species with higher salinity tolerances (Feijoo et al., 
1995; Li et al., 2014; Mottet et al., 2014; Panswad & Anan, 1999; Vallero et al., 2004). In sulfate 
reduction studies however, the investigation into understanding the reported changes which occur 
under salinity remains confined to reactor performance, effluent quality and biomass characteristics 
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(Li et al., 2014; Vallero et al., 2002; Vallero et al., 2003; Vallero et al., 2005; Vallero et al., 2004; 
van den Brand et al., 2015a). There have been limited molecular-based studies on the effect of 
salinity on sulfate-reducing communities with changes in community compositions only thus far 
being characterized to a trophic group level (fermentative, SRB and methanogens)(Li et al., 2014). 
Greater insights into the key organisms involved and community dynamics are required to address 
the gap between the effect of salinity on the community and how these changes may influence 
reactor performance. Understanding changes in SRB microbial community compositions with 
salinity may lead to a better prediction of sulfate reduction in bioreactors operational under saline 
waste streams. 
Strategies to overcome the impact of salinity in sulfate-reducing reactors have been constrained to 
applying salt shocks (Lens et al. 2002, Vallero et al. 2003), the application of step wise salinity 
increments (Li et al., 2014) or the selection of electron donors (Vallero et al., 2004). In anaerobic 
digestion, the use of marine sediment inoculum has been previously shown to improve the 
methanization of saline waste streams (Aspé et al., 1997). This observation could be the result of 
adaptive strategies held by microorganisms which occur naturally in saline environments which 
allow them to maintain the osmotic balance between their cytoplasm and external environment 
under high salinity (Canfora et al., 2014; Margesin & Schinner, 2001). Consequently, given the 
reported abundance and diversity of SRB found in coastal environments, it remains to be seen if the 
selection of SRB from a saline environment may assist in compensating the effects of higher 
salinity on sulfate reduction performance.  
The aim of the present study was to quantify and understand the changes in sulfate reduction rates 
and effluent quality which occur under imposing higher salinities to a SRB culture from a saline 
environment fed a mixture of VFAs like those in fermenter liquor. Changes in the microbial 
community were periodically monitored by means of SSU rRNA gene sequencing such that the 
influence of the microbial community under salinity stress could be better understood for its 
potential influence on electron donor usage and sulfate reduction.   
 
6.2  Materials and methods 
 
6.2.1 Reactor operation: 
Two sulfate-reducing bioreactors described in section 4.2.2 were utilized in this RO. The reactors 
were operated in semi-continuous mode with a 3.3 day HRT, an organic loading rate of 1.56 g 
COD/L/day and sulfate loading rate of 2.23 g SO4
2-/L/day (0.74 g SO4-S/L/day) throughout the 
experiment.  
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Other operational conditions applied throughout the experiment are shown in Table 6-1.The 
reactors were fed with a mixture of acetate, propionate, butyrate, and valerate fed in a COD 
equivalent ratio of 2:1:3:0.5. This composition of VFAs was based of leachate generated from other 
MSW fermentation studies (Table 2-4). NaCl was added to the basal media described in section 
4.2.2.2 to regulate salinity with the concentrations used shown in Table 6-1. The feed was prepared 
every two days. From days 0 to 129 the reactors were used to test the impact of increasing salinity, 
with one reactor serving as a control (referred to as R1) and the other imposed with step wise 
salinity changes of 7.5 g NaCl/L from 20 g NaCl/L to 50 g NaCl/L (the test reactor referred to as 
R2).   
 
Table 6-1 Operational conditions applied to R1 (control) and R2 (test) reactor for RO2. 
Days Feed 
Reactor Salinity 
R1 (Control) R2 (Test) 
0 - 28 
Acetate: Propionate: Butyrate: 
Valerate 
(2:1:3:0.5) 
20 20 
28 - 43 20 27.5 
43 - 57 20 35 
57 - 92 20 42.5 
92 - 129 20 50 
 
 
6.2.2 Analytical methods: 
Samples of the reactor effluent were analysed on three times a week for VFAs, sulfur species, pH, 
TSS and VSS using the methods described in section 4.3. The NaOH trap was also sampled for 
dissolved sulfur species. The composition of precipitated salts within the reactor was identified use 
of an ICP-OES following digestion with nitric acid.  
 
6.2.3 DNA extraction and amplicon sequencing 
Samples were taken for microbial analysis to determine the effect of salinity and time on the 
microbial composition. Given biomass was adhering to reactor walls in both reactors and the reactor 
effluent was clear, samples were extracted from the biofilm and the base (here on described as 
“bottom samples”) of the reactors on days 26, 40, 54, 89 and 128 of operation. See section 4.5 for 
further information on methods. 
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6.2.4 Statistical analysis 
Statistical analysis was performed in R (R Core Team, 2017) using the vegan package.  Principal 
component analysis (PCA) was used to visualize the changes in the biofilm and bottom 
communities of both reactors. Data was Hellinger transformed prior to analysis. Reactor 
performance data (salinity, VFA effluent concentrations, COD removal, sulfate removal and 
hydrogen sulfide concentrations) and microbial communities were correlated using the 
environmental fitting function envfit() in vegan with a 95% threshold of confidence (Oksanen et al., 
2017).  
Biofilm and bottom samples were assessed individually. For the analysis, the communities from 
each type of sample were separated into fermentative organisms and SRB to observe the impact of 
environmental variables on each trophic group.  
SRB in this chapter were classified as any OTU belonging to the Deltaproteobacteria class and 
members of the class Clostridia which belonged to the genus Desulfotomaculum. All other OTUs 
within the Bacteria domain were assumed to be contributing to reactor performance as fermentative 
organisms. 
 
6.3 Results 
 
6.3.1 Reactor performance   
 
Reactor performance during salinity load of 20 g NaCl/L (Days 0-28) 
The sulfate reduction rate for both reactors throughout the experiment is shown in Figure 6-1.  
Under a salt concentration of 20 g NaCl/L, R1 and R2 were operating at a similar sulfate reduction 
rate of 0.68 ± 0.01 and 0.68 ± 0.01 g SO4-S/L/day, respectively (91 % sulfate removal). This was 
accompanied by a 95% (R1) and 97% (R2) uptake efficiency of available COD to convert sulfate to 
reduced sulfur species (COD removal via sulfate reduction) (See Figure D-1 and Table D-1). 
Acetate was the primary VFA in the effluent of both reactors (50-60% of the COD effluent of all 
reactors) followed by propionate (30-50% of the effluent) (Figure 6-2). Butyrate and valerate were 
shown to be favorable electron donors for the community, composing of only 0-5% of the effluent.   
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Figure 6-1 Volumetric sulfate reduction rate in a) R1 (control) and b) R2 (test) reactor with salinity 
increments applied (● sulfate reduction rate, ---- sulfate loading rate, — salt load). Shaded area highlights a 
time period of operational issues during which the pH of both systems were raised above the set point of 7. 
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Figure 6-2 COD concentrations of a) R1 (control) and b) R2 (test) reactor under salinity increments (▲) 
acetate (●) propionate, (▪) butyrate, (+) valerate (—) salt load. 
Reactor performance during salinity load of 35 g NaCl/L and 42.5 g NaCl/L (Days 28 to 73) 
Initial stepwise increments in salinity were shown to have no apparent effect on the sulfate 
reduction rate. At 35 g NaCl/L, sulfate reduction rates in the R2 were measured to be 0.67 g ± 0.01 
SO4-S/L/day (Figure 6-1) and COD to sulfate conversion at 97 ± 3.5%. 
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On day 64, following an increase in salinity to 42.5 g NaCl/L in R2 on Day 57, a malfunction in the 
pH control system and gas recirculation system caused the pH in both systems to be raised to 9. As 
a consequence, sulfate reduction rates in both reactors fell, with this effect being more severe in R1 
(0.36g ± 0.01 SO4-S/L/day) as opposed to R2 (0.60g ± 0.02 SO4-S/L/day). An increase in acetate 
and reduction in propionate effluent concentrations was detected in both reactors at this time. In R1, 
effluent acetate concentrations (2.3 g COD/L) exceeded influent concentrations (1.6 g COD/L). 
 
Reactor performance during salinity loads of 42.5 g NaCl/L and 50 g NaCl/L (Days 73 to 128) 
Following day 73, regular operation was resumed with the sulfate reduction rate (0.66 g ± 0.01 SO4-
S/L/day) and effluent properties recovered in R1. In R2, the effects of the salinity increase to 42.5 g 
NaCl/L became evident with a 13% reduction in sulfate reduction rate (0.59 ± 0.02 g SO4-S/L/day) 
upon reaching steady state (following Day 80). This decline in sulfate reduction was reflected by 
and an increase in the effluent acetate concentration from 0.33 ± 0.09 g COD/L to 0.59 ± 0.02 g 
COD/L and increase in propionate concentrations from 0.27 ± 0.07 g COD/L to 0.42 ± 0.03 g 
COD/L. Butyrate and valerate removal however remained relatively unchanged (removal rates at 
99%).  
A further increase in salinity to 50 g NaCl/L (Day 92) resulted in the steady decline of the sulfate 
reduction rate in R2 until a steady rate of 0.42 ± 0.01 g SO4-S/L/day was achieved on day 118 (37% 
reduction in efficiency). This salinity increment once again resulted in the reduction of COD 
removal with a further increase in both acetate and propionate effluent concentrations. Effluent 
acetate concentrations increased to 1.35 ± 0.02 g COD/L and propionate to 0.53 ± 0.02 g COD/L. 
Butyrate usage dropped slightly from 99% to 98% and valerate usage remained unchanged. COD 
removal via sulfate reduction in R2 during this time was reduced from 95 ± 2.3% (at 42.5 g NaCl/L) 
to 88 ± 3.7% and remained at 97 ± 2.2% in R1.  
 
6.3.2 Microbial community 
6.3.2.1 Reactor biomass characteristics 
As biomass was adhering to the walls of both bioreactors and at base of the reactor amongst 
precipitated salts, effluent VSS concentration of both reactors was low with an average of 0.11 ± 
0.04 g VSS/L in R1 and 0.12 ± 0.03 g VSS/L in R2 throughout this RO. ICP-OES analysis of the 
precipitated salts revealed the presence of magnesium, phosphorus, potassium and sodium with the 
contents shown in Appendix D, Table D-2. Pictures of the collected biomass are shown in 
Appendix D, Figure D-3.  It should be noted that the community of R1 and R2 on day 26 was vastly 
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different to the Estuary VFA community in Chapter 5 used to inoculate R1 and R2 (Figure 5-3). 
This could be attributed to the difference in feed stream in Chapter 6, the long reactor run time to 
steady state of 139 days prior to the start of RO2 (Stages 1 and 2, Table 2-4) or possibly due to the 
difference in reactor temperature. As a result, the microbial community of the initial inoculum used 
to inoculate R1 and R2 is excluded from all microbial plots in Chapter 6. 
6.3.2.2 Microbial community composition 
The composition of the community in the biofilm and bottom of both reactors at each sampling 
period is shown in the heatmap (Figure 6-3). At the bottom and biofilm of both reactors, dominant 
communities (more than 10% of the population at all times) were in the family Desulfobacteraceae  
(known to be SRB) and the family Rikenellaceae (OTUs were primarily members of the Blvii28 
genus). On Day 89 (42.5 g NaCl/L), the dominant bottom community in R2 are shown to include 
members of the family Enterobacteriaceae and genus Bifidobacterium. However, this shift was 
temporary with these OTUs disappearing by Day 128.  
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Figure 6-3 Microbial community composition based on 97% similarity of the designated taxa. Heatmap of 
the bottom and biofilm of R1 and R2 reactor communities at each time of sampling. Taxonomic 
classifications based on the SSU rRNA gene sequencing are shown at the phylum level (left hand side) and 
the lowest level of taxonomic assignment (Right hand side). For genera that could not be identified, the closest 
known taxonomic rank is identified in brackets (f = family, o= order, c=class) 
 
PCA plots describing the variability across the fermentative and SRB communities at an OTU level 
between reactors together with the correlations between OTUs and reactor operational data are 
shown Figure 6-4 (SRB) and 6-5 (fermentative).  
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Figure 6-4 PCA plots showing the microbial community composition of SRB in the a) bottom communities 
and b) biofilm communities of R1 and R2. Each circle represents a sample from one of the reactors. Crosses 
represent individual OTUs present. Numbers in brackets are used at the end of the taxa names to identify the 
individual OTUs.  The color represents the operating salinity and the circle size represents the experimental 
time. Correlations with performance parameters are indicated by the arrows and the level of significance is 
represented in large bold (p<0.01) or small regular (p<0.05) font. Performance parameters not shown were 
found to be insignificant however their significance level can be found in Appendix D, Table D-3.  
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Figure 6-5 PCA plots showing the microbial community composition of fermentative organisms in the a) 
bottom communities and b) biofilm communities of R1 and R2.  
 
From Figure 6-4a, it is evident the bottom SRB community of R2 showed a higher degree of 
variation with time relative to R1 while the biofilm SRB community in R2 showed restricted 
change relative to R1 (Figure 6-4b). Despite this, salinity (bottom: p=0.012, biofilm: p=0.006), 
effluent propionate (bottom: p=0.001, biofilm: p=0.033) and effluent acetate (bottom: p=0.014, 
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biofilm: p=0.04) concentrations were shown to be a significant factors in driving community 
changes in both the bottom (Figure 6-4a) and biofilm SRB (Figure 6-4b) communities of R2. The 
promotion of an OTU of the Desulfobacteraceae family in R2 was evident with an increase in the 
relative abundance of the OTU in both the biofilm (from 9 to 36% of the whole community) and 
bottom (from 15 to 21% of the whole community) communities from 20 g NaCl/L to 50 g NaCl/L 
(Figure 6-3 and 6-4). Furthermore, OTUs belonging to the Desulfobacter genus in the bottom (Fig 
6-4a) and the Desulfobulbus genus in the biofilm (Fig 6-4b) were present in R1 but less prominent 
in R2 with salinity (e.g., OTU of Desulfobacter(1) comprised 13% of the sulfate-reducing 
population in R1 and 2% in R2, while Desulfobulbus(1) comprised 9% in the R1 and 0.02% in R2 
at 50 g NaCl/L).  
In contrast, changes in the bottom fermentative communities of R1 and R2 could not be correlated 
with any of the tested environmental variables (Figure 6-5a) while changes in the biofilm 
community of R1 were largely influenced by reactor hydrogen sulfide concentrations which ranged 
between 0.39 to 0.52 g HS-S/L (p=0.007) (Figure 6-5b) (Appendix D, Table D-3).  
 
6.4 Discussion 
 
6.4.1 Sulfate removal rates under step-wise salinity increments 
Sulfate removal was observed to continue unaffected up to 35 g NaCl/L, after which an additional 
step change in salinity led to a reduction in reactor performance (Figure 6-1b). Given that Li et al. 
(2014) reported a drop in the sulfate reduction rate of a sulfate-reducing culture derived from low 
salinity conditions beyond a salinity level of 12 g NaCl/L, the tolerance of the culture developed in 
this thesis to salinity levels that were three times higher suggests that enrichment of salt tolerant 
cultures is best done by starting with inocula from saline environments. The reduction in reactor 
performance for salinity higher than 35 g NaCl/L shows that there is a limit to the mechanisms for 
salt tolerance, even for communities that thrive in saline conditions (Yang et al., 2013). This can be 
supported by similar observations by Asghar et al. (2012) who found that increasing the salinity in 
soils sourced from non-saline and saline environments resulted in a reduction in soil respiration in 
all samples to a similar extent.  
Despite reductions in performance after 35 g NaCl/L, the volumetric sulfate reduction rate at 50 g 
NaCl/L of 0.42 g SO4-S/L/day (1.26 g SO4
2-/L/day) in this thesis is in the same range as the rate of 
1.5 g SO4/L/day attained by Vallero et al. (2005). This rate was achieved with the use of a pure 
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culture of the acetate utilizing halophilic Desulfobacter Halotolerans at 50 g NaCl/L. Consequently, 
the results from this thesis shows that salt adapted mixed culture could provide an alternative to 
halophilic pure cultures. Yet, the reduction in COD diverted towards sulfate reduction in R2 in the 
last salinity increment (from 95% at 42.5 g NaCl/L to 88% at 50 g NaCl/L) implies that at this salt 
concentration, the competitive advantage of SRB against organisms in the mixed culture may have 
been compromised or the use of organic carbon by SRB may have changed.  
 
6.4.2 Understanding the changes in the effluent quality in a sulfate-reducing reactor under 
salinity stress 
From Figure 6-2, while salinity increments past 35 g NaCl/L led to the build-up of acetate and 
propionate in R2, butyrate and valerate removal remained unaffected. Table 6-2 depicts the 
potential known routes of VFA degradation that could have occurred in the reactors under all 
salinities. While acetate was fed, it was also formed through the incomplete oxidation and 
fermentation of valerate, butyrate and propionate in the system (reaction 1,2,3,5,6 and 8). Similarly, 
propionate could have also been generated via the oxidation of valerate by either fermentative 
organisms or SRB (reaction 1 and 2).  
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Table 6-2 Potential routes of VFA degradation and hydrogen sulfide production. Adapted from (Batstone et 
al., 2003; Conrad et al., 1986; Liamleam & Annachhatre, 2007) 
Type of reaction End carbon 
product 
Reaction 
  
Δ  
(kJ/reaction) 
 
Valerate  
Sulfate reduction Acetate and 
propionate  
Valerate- +0.5 SO42- → Acetate- + 
Propionate- +0.5 HS- +0.5 H+ 
(1) 
-26.9 
Fermentation Acetate and 
propionate 
Valerate- + 2 H2O → Acetate- + Propionate- 
+ 2 H2+H+ 
(2) 
51.2 
Butyrate  
Sulfate reduction 
 
Acetate Butyrate-+ 0.5 SO42- → 2 Acetate- + 0.5 HS- 
+0.5 H+ 
(3) 
-26.5 
Bicarbonate Butyrate- +3 SO42- +2H2 → 3 HS- + 4 
HCO3- + 5H2O 
(4) 
-102.5 
Fermentation Acetate Butyrate- + 2 H2O→ 2 Acetate- + 2 H2 + H+ (5) 48.1 
Propionate  
Sulfate reduction 
 
Acetate Propionate- + SO42- + H2 → HS- + HCO3- + 
Acetate- + H2O 
(6) 
-74.0 
Bicarbonate Propionate- + 2 SO42- + H2→ 2HS- + 3 
HCO3- +H2O 
(7) 
-122.7 
Fermentation Acetate Propionate- + 3 H2O → Acetate-+ HCO3- 
+3H2 + H+ 
(8) 
76.1 
Acetate  
Sulfate reduction Bicarbonate Acetate- + SO42-→ HS- + 2 HCO3- (9) - 47.5 
Hydrogen 
formation 
Bicarbonate Acetate- + 4 H2O→ 2 HCO3- + 4 H2+ H+ 
(10) 
107.2 
Hydrogen   
Sulfate reduction N/A 4H2 + SO42 + H+ → HS- + 4H2O (11) -151.9 
 
The accumulation of acetate under high salinity in sulfate reduction studies is regularly reported and 
believed to occur due to the growth of incomplete SRB oxidizers (Vallero et al., 2004), an electron 
donor preference by SRB (Vallero et al., 2005)or due to acetate being both present in the feed and 
formed via incomplete oxidation (van den Brand et al., 2015d). Propionate accumulation is less 
frequently reported and has only been described as a preferred electron donor to acetate for sulfate 
reduction (Vallero et al., 2004). In this study however, salinity was shown to lead to the 
proliferation of an OTU of the family Desulfobacteraceae (Figure 6-3 and 6-4), of which most 
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members are complete SRB oxidizers capable of acetate usage (Rosenberg & Delong, 2014). 
Furthermore, neither acetate nor propionate can be clearly defined as being a preferred electron 
donor given their differences in feed concentration and potential routes of production as 
intermediates (Table 6-2). The combined presence of a fermentative community (45 to 78 % 
relative abundance and primarily composed of the fermentative Blvii28 (Su et al., 2014)) and SRB 
community detected throughout the study (Figure 6-4) however suggested that butyrate and valerate 
were most likely being fermented to intermediates such as acetate, propionate and H2 (via reactions 
2 and 5) that were completely oxidized by SRB (via reactions 6, 7 and 9 to 11).  
As such, the accumulation of propionate and acetate in conditions of high salinity could occur due 
to the lower thermodynamic reaction energy yield from the use of acetate (-47.5 kJ/ reaction 
(Reaction 9)) and propionate (-122.7 kJ/reaction (Reaction 7)) compared to fermentation 
intermediates such as hydrogen for sulfate reduction (-151.9 kJ/reaction (Reaction 11)) (Liamleam 
& Annachhatre, 2007; Mizuno et al., 1998). A further estimation of growth yields using the 
dissipation method discussed by Kleerebezem and Van Loosdrecht (2010) found slightly greater 
biomass growth yields on propionate (0.06 moles of biomass per C-mol electron donor) compared 
to acetate (0.05) when sulfate is an electron acceptor. This could help explain the greater 
accumulation of acetate compared to propionate in the effluent. Under conditions of salt stress, 
where there is an additional requirement for energy for the synthesis of osmolytes, the metabolisms 
of these electron donors which yield low energy would have become unfavorable (Oren, 2011).   
From Figure 6-4 and 6-5, changes in the SRB community of R2 were influenced by salinity 
(bottom: p=0.012, biofilm: p=0.006), while no significant correlation could be identified between 
salinity and the changes in the fermentative community (bottom: p=0.325, biofilm: p=0.121). The 
insignificant influence of salinity on variations in the fermentative community implies a higher 
tolerance of these organisms for hypersaline conditions which can be supported by the continued 
consumption of butyrate and valerate seen in Figure 6-2b. The greatest change in fermentative 
community of R2 at the salinity of 42.5 g NaCl/L occurred primarily by the growth of OTUs in the 
Enterobacteriaceae family that were not detected at previous salinities (Figure 6-5a). The continued 
removal of butyrate and valerate at 42.5 g NaCl/L despite this community change highlights both 
the functional redundancy which exists within the fermentative community and a similar tolerance 
for the saline conditions applied.   
In contrast, the significant influence of salinity on the SRB community suggested a poorer tolerance 
to salinity which triggered the community change. Key changes include the low abundance of 
several OTUs within the genera Desulfobacter and Desulfobulbus in R2 relative to R1. This could 
be attributed to a poor tolerance for the saline conditions or due to product inhibition caused by 
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higher acetate and propionate concentrations within the reactor (Figure 6-2b). In any case, with 
Desulfobulbus and Desulfobulbus known to degrade propionate and acetate, respectively, their low 
abundance under higher salinities could be partly responsible for the accumulation of acetate and 
propionate (Figure 6-2b). On the other hand, the promotion of an OTU of the family 
Desulfobacteraceae with salinity increments suggested that the growth of this OTU was stimulated 
by the newly unoccupied ecological niche within the reactor. Hence, salinity increments were 
shown to promote the growth of SRB more suited to a saline environment. 
Accordingly, it can be hypothesized that whilst SRB acclimatized to higher salinities, the 
community was unable to cope with the rate of production of acetate and propionate by the 
fermentative communities leading to the evident accumulation of these intermediates in the effluent 
of R2 at 42.5 g NaCl/L. The imbalance in the activity of fermentative organisms relative to SRB has 
been previously found to occur under temperature and salinity gradients in sediments (Finke & 
Jørgensen, 2008; Smith & Klug, 1981). Finke and Jørgensen (2008) found that fermentative 
microbes are able to tolerate higher temperature gradients than SRB, and beyond a critical 
temperature, the coupling between SRB and fermentative bacteria is compromised. Similarly, Klug 
et al. (1985) measured an increase in the concentration and diversity of VFA intermediates under 
increasing salinity in solar salterns which coincided with a reduction in measured sulfate reduction 
rates. The reported build-up of intermediate compounds, similar to this study, suggests that 
fermentative microbes are more tolerant to external environmental stresses compared to SRB.  
This is contrary to the finding by Li et al. (2014) who found that in a reactor community of SRB, 
methanogens, and fermentative bacteria, SRB were least affected by salinity. This observation was 
based on the increase relative abundance of SRB under higher salinity which could have been the 
result of their enrichment with time or simply due to a reduction in abundance of other trophic 
groups. The use of ordination techniques (e.g., PCA) to reveal microbial patterns showed the effect 
of salinity on different microbial groups, at a higher level of resolution (97% similarity at OTU 
level).  
 
6.5 Conclusions  
 
This study aimed to develop sulfate-reducing microbial cultures capable of maintaining 
performance under higher salinities and to characterize the changes in microbial communities that 
occurred as a result of higher salinities. The key findings were: 
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1. Sourcing biomass from a saline environment was shown to allow sulfate reduction to occur 
unaffected up to 35 g NaCl/L on a feed of mixed VFAs. 
2. Operation at salinity levels higher than 35 g NaCl/L leads to an accumulation of 
intermediates (acetate followed by propionate). The accumulation of these organic acids 
corresponded with changes in the SRB community, while the fermentative community 
remained largely unaffected. 
3.  SRB communities are influenced by the increasing salinity of the sulfate stream, with 
salinity shown to encourage the growth of an OTU in the family Desulfobacteraceae and 
reduce the relative abundance of other OTUs of the genera Desulfobacter and 
Desulfobulbus.
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7  
The performance of a sulfate-reducing culture in 
response to a feed of fermenter liquor under saline and 
hypersaline conditions. 
 
7.1 Introduction 
 
The production of H2S from MSW occurs as a result of SRB, which, in the presence of an electron 
donor and anaerobic conditions, reduce any waste sulfate present to H2S. Given the versatility of 
SRB, these electron donors could be any component of the array of VFAs, alcohols, sugars and H2 
formed during the fermentation of MSW. The concentration of H2S in the biogas is limited however 
by the availability of sulfate in MSW (Sun et al., 2016), the presence of heavy metals in the waste 
stream and the presence of methanogens and fermentative microbes, both competitors for available 
electron donors (Bagi et al., 2007; Kushkevych et al., 2016). Consequently, accelerating the process 
of H2S generation from MSW would require the increased availability of simple electron donors for 
SRB and the addition of a sulfate source.  
With a higher content of sCOD than present in landfill leachate (Doǧan & Demirer, 2009; 
Sahinkaya et al., 2013), the use of the liquor generated from the acidogenic stage of intensive MSW 
fermentation could provide an alternate source of electron donors. Furthermore, the pH of the 
fermenter system could be lowered below 6 (the lower viable limit for most methanogens (Bitton, 
2005)) to suppress methanogenic activity and hence increase the availability of simple electron 
donors for sulfate reduction. A limitation however of this feed stream and any other stream of VFAs 
generated from the fermentation of organic matter would be the varying composition and 
concentrations of VFAs with time, which would expose the sulfate-reducing reactor to fluctuations 
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in electron donor input. In addition, the use of a waste stream would lead to the introduction of 
foreign microbes which may upset the community structure and performance.  
While sulfate laden wastewaters could ideally serve as a sulfate source for biogenic H2S production 
together with fermenter liquor (from here on abbreviated as FL), the high salinity of these streams 
has been previously shown to result in a reduction in reactor performance (Chapter 6). With the 
type of electron donors fed to SRB previously found to be influential in assisting reactor 
performance under high salinity (Vallero et al., 2004; Zhou & Xing, 2015), it remains to be seen if 
the composition and type of electron donors in FL will encourage or limit sulfate reduction under 
conditions of high salinity.  
The objective of the present study was to evaluate the effectiveness of FL generated from MSW as 
an electron donor for a SRB bioreactor operating under high salt conditions such that the feasibility 
of using two forms of waste streams, VFAs from the fermentation of MSW and saline sulfate 
wastewater for the production of H2S, a valuable product could be assessed. The use of FL was 
assessed for both saline (defined as 10 to 35 g TDS/L) and hypersaline (defined as more than 35 g 
TDS/L(Ginatullina et al., 2017)) conditions to determine the degree to which salinity influences the 
effectiveness of FL as an electron donor for sulfate reduction.  
. 
7.2 Materials and methods 
 
7.2.1 Reactor operation 
The two sulfate-reducing reactors described in section 4.2.2 were used to evaluate the use of FL as 
an electron donor for sulfate reduction. Following the characterization of the effects of salinity on 
R1 and R2 under a feed of synthetic liquor (SL) in Chapter 6, the feed to both reactors was switched 
from basal media described in section 4.2.2 to a feed of diluted FL. The organic loading rate, sulfate 
loading rate and HRT of each reactor together with the salinity utilized in Chapter 6 was left 
unchanged. As such, R1 was operated at a salinity of 20 g NaCl/L (saline conditions) and R2 at 50 g 
NaCl/L (hypersaline conditions) throughout the experiment. Day 0 in this chapter refers to the start 
of steady state conditions attained in Chapter 6 (corresponding to Day 115 in Chapter 6).   
As the composition of FL generated from the MSW varied from week to week (see Appendix B, 
Figure B-3), three types of liquor generated each from a single week of operation were fed to each 
reactor. Reactors were fed with each liquor until steady state conditions were achieved in both 
reactors. Steady state rates were defined as sulfate reduction rates being stable (less than 5% 
variation between sampling points) for seven consecutive days.  
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7.2.2 Medium 
The description and operation of the MSW fermenter utilized to generate FL used can be found in 
section 4.2.3. The first three weeks of fermenter operation yielded liquor with the highest 
concentrations of sCOD (Table 7-1, Appendix B, Figure B-3). As such, the liquor from each of 
these three weeks (here-on referred to as FL1, FL2, and FL3) was used as substrate for the sulfate-
reducing reactors. A summary of the key components of interest are shown in Table 7-1, the 
concentration of metal ions shown in Table E-1 and other measured parameters in Table E-2. 
 
Table 7-1 Key characteristics of the fermenter liquor (FL). 
Feed 
pH 
 
sCOD 
(mg /L) 
Sulfate (mg 
SO42-/L) 
Chloride 
(mg/L) 
Sodium 
(mg/L) 
FL1 4.66 66600 694 1860 1734 
FL2 4.40 64030 439 1367 1922 
FL3 4.95 61800 319 1500 1667 
 
The batches of FL were thawed as they were required and held at 4°C in between feeds to the 
sulfate-reducing reactors. Prior each feed, FL was diluted to maintain an influent sCOD 
concentration of 5.19 g sCOD/L (used in Chapter 6 under a feed of SL) and characterized for its 
composition of soluble organics. Ongoing fermentation of each batch of FL during the period of 
reactor feeding was evident with minor changes in the composition of the FL organics (Figure 7-1).    
Sodium sulfate was added to the influent to maintain a COD: SO4
2- (g/g) of 0.7 and NaCl added to 
maintain the desired salinity level of the system with the additional consideration of background 
sodium and sulfate present in the FL as shown in Table 7-1. Macro and micronutrients were not 
added as they were deemed sufficiently supplied in the FL through the analysis of metal ions (Table 
E-1).  
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Figure 7-1 Influent composition of fermenter liquor (SL: synthetic liquor, FL: fermenter liquor).  
The average composition of each FL is provided in Table E-3. The first feed of liquor (FL1) was 
composed primarily of non-VFAs (29 % ± 2.4 of the influent sCOD) (a mixture of sCOD 
components that could not be identified as VFAs or any alcohols) followed by acetic (17% ± 0.92) 
and lactic acid (16% ± 0.8). Other key components of the influent sCOD included ethanol (10%) 
and butyric acid (10%). The second feed of liquor (FL2) was primarily lactic acid (35% ± 0.7 of the 
influent sCOD) followed by non – VFAs (31% ± 1.7). Other components included ethanol (12%) 
and acetic acid (12%). The third feed (FL3) was once again primarily non-VFAs (27 % ± 1.5 of the 
influent sCOD) followed by acetic acid (25 % ± 0.5). Propanol and hexanoic acid comprised of 10 
and 11% of the influent sCOD. 
7.2.3 Analysis  
Samples of reactor effluent were analysed for sCOD, alcohols, VFAs, succinic acid, lactic acid, 
glucose, sulfur species, TSS and VSS as per methods described in section 4.3. Dissolved metals 
were analyzed during each feed following digestion with nitric acid.   
7.2.4 DNA extraction and amplicon sequencing 
Samples were collected for microbial analysis at the start and end of the study to determine the 
effect of feeding FL on the microbial composition at different salinities. Samples were extracted 
from the base (described as “bottom samples”) and biofilm from the sides of the reactors on days 12 
and 60 and processed as per methods described in section 4.5.  
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7.3 Results 
 
7.3.1 Sulfate reduction rates under a feed of fermenter liquor 
Under a feed of SL, sulfate reduction rates in R1 (20 g NaCl/L) were 0.67 ± 0.014 g SO4-S/L/day 
(90% sulfate removal) with an average 97 ± 2 % of the sCOD removed via sulfate reduction. In 
contrast, a lower sulfate reduction rate of 0.42 ± 0.014 g SO4-S/L/day (57% sulfate removal) and an 
average sCOD removal of 88 ± 4% via sulfate reduction were observed in R2 which was operated 
with a higher salinity media (50 g NaCl/L) (Figure 7-2 and 7-3). 
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Figure 7-2 Volumetric sulfate reduction rates under a feed of synthetic liquor (SL) and the three fermenter 
liquors (FL1, FL2, FL3) for () R1 and () R2 where (----) is the sulfate loading rate. 
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Figure 7-3 Conversion efficiency of COD removed via sulfate reduction under a feed of synthetic liquor 
(SL) and the three FL (FL1, FL2, FL3) for () R1 and () R2. 
 
Under the FL1 feed, the volumetric sulfate reduction rates decreased in R1 by 15% to 0.57 ± 0.03 g 
SO4-S/L/day (Figure 7-2). Conversely, the rate of sulfate reduction in the high salinity reactor, R2, 
improved by 17% to 0.49 ± 0.02 g SO4-S/L/day. During the FL1 feeding stage, 88 ± 2% and 90 ± 
5% of COD were removed via sulfate reduction in R1 and R2, respectively (Figure 7-3).  
A switch to the FL2 feed stream led to improvements in sulfate reduction rates in both reactors to 
0.62 ± 0.009 g SO4-S/L/day (8% increase from FL1) and 0.55 ± 0.005 g SO4-S/L/day (12% increase 
from FL1) in R1 and R2, respectively. During this time, COD removal via sulfate reduction 
increased in both reactors to 96 ± 4% in R1 and 98 ± 4% in R2. 
A final switch to the FL3 feed stream resulted in a reduction in R1 performance to 0.57 ± 0.01 g 
SO4-S/L/day and minimal change in sulfate reduction rates in the high salinity reactor (0.56 g ± 
0.011 g SO4-S/L/day) (Figure 7-2). COD removal via sulfate reduction dropped in R1 and R2 to 89 
± 3% and 96± 4%, respectively. A full profile of sCOD removal during the feeding of FL1,2, and 3 
can be found in Appendix E, Figure E-1 and average reactor performance data shown in Table 7-2. 
Using VSS concentrations measured at the end of the study (see Table E-4), the specific sulfate 
reduction rates in R1 and R2 under FL3 was calculated to be 0.24 and 0.21 g SO4-S/g VSS/day, 
respectively. 
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Table 7-2 Summary of reactor performance for R1 and R2 with a feed of synthetic liquor (SL), and three FL 
(FL1,FL2,FL3). Error shown is the 95% confidence interval. 
Reactor 
performance 
SL FL 1 FL 2 FL 3 
R1 R2 R1 R2 R1 R2 R1 R2 
SO42- reduction 
rate 
(g SO4-S/L/day) 
0.67±0.01 0.42±0.01 0.57±0.03 0.49±0.02 0.62±0.01 0.55±0.01 0.57±0.01 0.56±0.01 
SO42- reduction (%) 90 56 77 66 83 73 77 75 
sCOD removal rate             
(g COD/L/day) 
1.38±0.02 0.96±0.02 1.28±0.01 1.09±0.05 1.29±0.02 1.13±0.03 1.28±0.01 1.15±0.02 
Sulfide 
concentration 
(mg/L) 
451±29 212±11 570 ±71 435 ±69 505±15 442 ±42 545±28 382±40 
COD removal via 
SO42- reduction (%) 
97±1 88±3 88±1 90±3 96±2 98±2 89±1 96±2 
 
7.3.2 Effluent properties under a feed of fermenter liquor  
Effluent compositions during the feeding of SL and FL1, FL 2 and FL 3 are shown in Figure 7-4. 
Other components present in the influent of FL 1, FL 2 and FL 3 (Figure 7-1) not shown in in 
Figure 7-4 were either absent from the effluent or collectively made up less than 15% of the effluent 
sCOD. The concentration profile of these components is shown in Appendix E, Figure E-2. 
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Figure 7-4 Effluent composition of a) R1 (salinity 20g NaCl/L) and b) R2 (50 g NaCl/L) (SL: Synthetic 
liquor, FL: fermenter liquor) (▲) Acetic acid (●) Propionic acid () Non-VFA (■) Butyric acid (+) Iso 
valeric acid, (X) Hexanoic acid  
Under the SL feed stream in R1, both acetate (52%) and propionate (42%) were the main 
constituents of the effluent sCOD (0.60 ± 0.05 g COD/L) with the remainder of sCOD comprised of 
butyrate and valerate. Effluent sCOD concentrations in R2 were higher (1.98 ± 0.08 g COD/L) with 
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acetate comprising of 68% of the effluent followed by propionate (27%).  
In both reactors, upon the switch of feeds from SL to FL1, non-VFAs followed by propionate 
became the major effluent sCOD components. The predominance of non-VFAs and propionate was 
maintained throughout the FL2 and FL3 feeding periods. Under these feeds, non-VFAs comprised 
between 55 and 74% of the effluent of R1 and 41 and 60% of the effluent of R2. In R1 and R2 
propionate concentrations were initially reduced in response to the switch from SL to FL1 but 
accumulated thereafter. While effluent propionate concentrations were highest during the FL3 
feeding period (0.21 g COD/L in R1 and 0.46 g COD/L in R2), the greatest production of 
propionate occurred in FL2 (high lactic acid and non-VFA concentrations) where the propionate 
concentration in the feed was negligible (0.03 g COD/L) compared with effluent propionate 
concentrations of 0.18 and 0.28 g COD/L in R1 and R2, respectively. In contrast to propionate, 
effluent acetate concentrations in both reactors are shown to gradually drop with acetate comprising 
an average of 5 and 8% in R1 and R2, respectively by the end of the FL3 feeding regime.  
Usage of identified soluble COD species  
The proportion of identified sCOD species (i.e. sCOD excluding the non-VFA component) utilized 
in both reactors is shown in Figure 7-5. Comprised entirely of organic acids and/or alcohols, the 
identified sCOD components fed to R2 were more thoroughly consumed during the FL feeding 
periods compared to the same species during the SL feeding regime. The net consumption of 
identified sCOD species increased from 59 ± 6.5% to 82 ± 3.8% (COD basis) with the switch from 
SL to FL. In R1, the use of identified sCOD components increased slightly from 88 ± 1.9 % to an 
average of 91 ± 2.7 % under a feed of FL. In R2, the initial increase in usage of identified sCOD 
components was followed by increases in sulfate reduction rates while in R1, a slight increase in 
usage was followed by reductions in sulfate reduction rates (Figure 7-2).  
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Figure 7-5 Usage of identified sCOD components under the feed of synthetic liquor (SL) and the three 
fermenter liquors (FL1, FL2, FL3) for () R1 and () R2. 
 
7.3.3 Microbial community 
The composition of the community in the biofilm and bottom of both reactors at the start and end of 
the study is shown in the heat-map (Figure 7-6). At the start of the study, under a feed of SL, 
despite different operational salinities, the dominant communities in both R1 and R2 were the 
families Desulfobacteraceae (inclusive of the genera Desulfobacter, Desulfococcus and 
Desulfosarcina) which accounted for 35 to 66% of the relative abundance in all samples; and 
Rikenellaceae (OTUs were primarily members of the Blvii28 genus) which accounted for 7 to 23% 
of the relative abundance in all samples.  
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Figure 7-6 Microbial community composition based on 97% similarity. Heatmap of the bottom and biofilm 
of the R1 and R2 communities at times t=12 days and t=60 days. Taxonomic classifications based on the 
SSU rRNA gene sequencing are shown at the phylum level (left hand side) and lowest level of taxonomic 
assignment (right hand side).  
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By the end of the FL3 feeding period however, members of both families became less abundant 
with Desulfobacteraceae making up 2 to 13% and members of Rikenellaceae comprising only 0.8 
to 4.2% of the population in R1 and R2. The fermentative communities shifted to become more 
diverse with the incorporation of the members of the genus Tissieriella_Soehngenia and the order 
Bacteriodales which encompasses the families SB-1, Marinilabiacease, and BA008. As for SRB, 
the genus Desulfovibrio, from the family Desulfovibrionaceae, became the abundant SRB present 
and accounted for 50 to 75% of all SRB present in the Proteobacteria family. A key difference in 
communities however is in the addition of the Archaea kingdom. The genus Methanosarcina and 
Methanolobus grew in both reactors with the greatest growth being in the biofilm of R1 (16% of 
relative abundance by day 60) compared to 5.5% in the biofilm of R2. In the biofilm of R1, 12% of 
the methanogens belonged to a single OTU within the genus Methanosarcina. 
 
7.4 Discussion 
 
7.4.1 The effect of feeding FL at 20 g NaCl/L and 50 g NaCl/L on sulfate reduction rates 
Both sulfate-reducing reactors, despite differences in operational salinities, were shown to 
successfully direct between 75 ± 6% (R1) and 68 ± 6% (R2) of the influent sCOD to sulfate 
reduction. Fluctuations in steady state rates were maintained between ± 8% (R1) and ± 12 % (R2) 
despite compositional differences in feed provided by the three types of FL used (FL1, FL2 and 
FL3). The greatest change in reactor performance of both R1 and R2 was observed in response to 
the switch of SL which was comprised solely of VFA components to FL1, a feed with a significant 
concentration of non-VFAs (29% of the influent on a sCOD basis). Non-VFA components of MSW 
liquor have been previously identified to be a mixture of long chain alkanes, hydrocarbon 
aromatics, esters, phenols and amides (Trzcinski & Stuckey, 2009). With the increased complexity 
of the feed stream coupled with the fact that the reactors were previously fed with simple organic 
electron donors in SL, a reduction in the performance of R1 was expected and can be attributed to 
the poor ability of the reactor to degrade the non-VFA components in the feed stream (75-81% of 
the effluent) (Figure 7-4a). This is consistent with Sahinkaya et al. (2013) who observed a similar 
effect when switching from a feed of ethanol to landfill leachate.  
In R2 however, while a similar or more severe effect would be expected under FL1 due to the 
higher probability of an intermediate degradation stage being inhibited by the hypersaline condition 
(Lefebvre et al., 2007), performance improved. With an increase in the uptake of identified sCOD 
species occurring concurrently with an increase in sulfate reduction rates (Figure 7-2 and 7-5), the 
positive effect of the first feeding of FL1 in the test reactor implied that the system may have 
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previously been restricted by available electron donors present in the SL feed stream. Under SL, 
acetate contributed to a large proportion of the effluent sCOD composition (68%). This was 
hypothesized to be a result of the low energy yield from acetate utilization making acetate an 
unfavorable electron donor under conditions of salt stress where communities have high energy 
demands (Oren, 2001)(Chapter 6). Consequently, as ethanol and lactic acid are thermodynamically 
more favourable electron donors for sulfate reduction compared to acetate (Liamleam & 
Annachhatre, 2007), their presence (0.5 and 0.8 g COD/L, respectively) may have stimulated sulfate 
reduction rates, with a similar effect seen by Vallero et al. (2005) when switching electron donor 
from acetate to ethanol at 50g NaCl/L. Alternatively, the increase in hydrogen equivalents provided 
via the fermentation of higher carbon compounds may have also aided the performance of SRB in a 
syntrophic manner. 
Similarly, under FL2, improvements in sulfate reduction rates of both reactors could be attributed to 
the dominance and high concentration of lactic acid (1.7 to 1.8 g COD/L) in the feed stream. Under 
FL3, despite non-VFAs once again becoming the dominant influent component and low lactic acid 
concentrations (0.14 to 0.15 g COD/L), sulfate reduction rates in R2 remained stable. The stable 
performance of R2 suggested the presence of a highly versatile SRB community in these reactors. 
In R1 however, the reduction in sulfate reduction rates and the steady rates of COD removal imply 
COD diversion away from sulfate reduction.  
 
7.4.2 The effectiveness of fermenter liquor as an electron donor  
Relative to other studies feeding a laboratory blend of VFAs (Table 7-3), volumetric rates attained 
in this thesis on FL are comparable with a study by Celis‐García et al. (2007) which used a similar 
sulfate loading rate and a synthetic VFA blend of acetate, propionate and butyrate or lactate, 
propionate and butyrate as feed to a down-flow fluidized bed (DFFB) reactor. Specific sulfate 
reduction rates of this study, however, were slightly lower than the rates attained by Lens et al. 
(1998) who also fed a synthetic blend of VFAs in an up flow anaerobic sludge blanket (UASB) 
reactor. This could possibly be attributed to the differences in operational salinity which may have 
led to a lower specific activity of the biomass in R1 and R2.
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Table 7-3 Sulfate removal rates attained in studies feeding a mixture of organics or H2. 
Inoculum Substrate* 
HRT 
(h) 
COD:SO42
- (g/g) 
Reactor 
type 
VSS 
(g/L) 
Sulfate 
loading 
(gSO42-
/L/day) 
Sulfate 
reduction 
(gSO42-
/L/day) 
Specific 
sulfate 
reduction 
(gSO42-/g 
VSS/day) 
Applied 
Salinity      
(g NaCl/L) Reference 
Studies feeding mixed VFAs  
Sulfidogenic sludge 
1:2:2 (A:P: B) 
24 1.25 DFFB n.d 2 
1.20 n.d 
n.d 
Celis‐García 
et al. (2007) 1:2:2 (L:P: B) 1.50 n.d 
Sulfidogenic sludge 1:2:2 (A:P: B) 
2.2 
0.5 UASB 
17 40.0 18.0 1.08 
n.d 
Lens et al. 
(1998) 1.7 25 60.0 21.0 0.84 
Studies operated at a high salinity 
Granular anaerobic sludge from 
reactor treating paper mill 
wastewater 
1:2 (A:P) 7.8 0.5 UASB 35** 17.5 3.70 0.11 50 
Vallero et al. 
(2004) 
Sludge from reactor treating brewery 
wastewater.  
 1.8:1:1 
(S:A:P) 
16 2.25 UASB n.d 2.70 
2.16 n.d 12 
Li et al. 
(2014) 
1.81 n.d 28 
Biomass from sulfate and 
thiosulfate-reducing gas lift 
bioreactor  
H2 
2.5 
days 
n.d 
Gas lift 
reactor 
n.d 1.92 1.73 n.d 
33 g Na+ 
(pH 9) 
Sousa et al. 
(2015) 
Biomass from a sulfate-reducing 
reactor previously enriched from an 
estuarine sediment at 20 g NaCl/L 
MSW 
fermenter 
liquor 
3.3 
days 
0.7 Semi-
continuous 
reactor 
2.39 
2.23 
1.71 0.72 20 
This thesis++ 
0.7 2.61 1.69 0.63 50 
*Where A: Acetate, P: Propionate, B: Butyrate, L: Lactate, S: Sucrose, Ratios given in COD equivalence 
** based on VSS of original sludge used to inoculate the reactor 
+ +Sulfate reduction rates based on steady state values attained on FL3 with VSS (g/L) calculated at the end of the study (See Table E-4 for VSS values and sulfate reduction rates 
provided in sulfur equivalent of sulfate (i.e SO4-S)). 
n.d: not determined. DFFB: Down-flow fluidized bed, UASB: Upflow anaerobic sludge blanket   
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The specific sulfate reduction rates with FL were compared with other studies of mixed sulfate-
reducing cultures and saline sulfate streams. Similar volumetric rates of sulfate reduction have been 
attained by Li et al. (2014) (a maximum sulfate reduction of 2.16 g SO4
2-/L/day achieved at a 
salinity of 12g NaCl/L on a feed of sucrose, acetate and propionate after which performance was 
compromised) and Sousa et al. (2015) (with a feed of H2 under no salinity changes) when using a 
similar sulfate loading rate under high salinity conditions (Table 7-3). This, combined with the fact 
that higher specific rates of sulfate reduction were attained in this thesis relative to Vallero et al. 
(2004) who attained 0.1 g SO4
2-/g VSS/day with a feed of acetate and propionate at 50 g NaCl/L, 
imply FL can be considered an equally effective electron donor compared to laboratory blends of 
VFAs and H2 in reactors operated at high salinities. While this is a promising result, it should be 
noted that for studies operated at higher salinities, the adaptation procedure applied to the biomass, 
the source of the biomass, and the concentration of available biomass will influence the final 
performance of the sulfate-reducing reactor.  
 
7.4.3 Soluble COD usage in fermenter liquor by the microbial community 
Given the variety of compounds in the influent, the variety of microorganisms in the FL and the 
diversity of the initial microbial community in the reactors, there are numerous routes through 
which organic compounds in FL could have been degraded. With key routes encompassing 
fermentation, acetogenesis, the incomplete oxidation or complete oxidation of compounds to acetate 
or CO2 by SRB, acetate oxidation and methanogenesis (Dar et al., 2008; Sarti et al., 2009), the 
activity and degradation routes of the communities together with competition amongst communities 
can only be speculated through the effluent quality of the reactors and microbial community.  
The use of non-VFAs 
Throughout the FL1 to FL3 feeding periods, the degradability of the non-VFA components was 
shown to improve in both reactors up to the end of the FL3 period (16% and 18% increase in the 
removal of non-VFA components in R1 and R2, respectively) implying the development of a larger 
fermentative community in both reactors or even the introduction of a fermentative community in 
the FL feedstock (Figure 7-4). Furthermore, the improvements in non-VFA usage from FL1 to FL3, 
and overall improved rates of sulfate reduction in R2, suggests the fermentative community may 
have increased the availability of preferred electron donors for the sulfate reducing population via 
the degradation of non-VFAs, promoting a synergistic relationship between the two trophic groups.  
The shift in the dominant fermenting community from family Rikenellaceae to a combination of 
OTUs of the order Bacteriodales, all of which have been associated with fermentation (Parshina et 
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al., 2003; Sara et al., 2014), suggests the increase in the variety of electron donors in FL relative to 
SL was able to create niche environments for the growth of organisms with different fermenting 
capabilities. This diversity may have added to the versatility of the community which was clearly 
evident with the minimal fluctuations in sulfate removal between feeds of FL despite shifts in 
dominant electron donors (Figure 7-2). While it is plausible that the diverse fermentative 
community at the end of reactor operation was the result of the growth of organisms indigenous to 
the FL itself, the high dilution of the fermenter liquor prior to feeding into the reactor (x12) would 
have meant the indigenous community would have been small relative to the established 
community in the reactor. Furthermore, the harsh reactor environmental conditions of high salinity 
could have been unfavorable towards the unadopted indigenous community (Xiao & Roberts, 
2010). 
The use of acetate 
Given the poor use of acetate under a SL feeding regime in both reactors, it would be assumed that 
under a feed of FL composed of ethanol, lactic acid and other higher chained acids, the fermentation 
of these compounds would lead to the same accumulation of acetate. Furthermore, the switch of 
dominant SRB from the family Desulfobacteraceae, most commonly associated with the complete 
oxidation of compounds including acetate to CO2 (Rosenberg & Delong, 2014), to the genus 
Desulfovibrio, most commonly characterized as a genus that incomplete oxidizes compounds to 
acetate, suggests that acetate accumulation in R1 and R2 under a feed of FL would be more severe. 
This however was not the case; acetate remained a minor component of the effluent throughout the 
FL feeding regime (3-8% of the effluent of R1 and 6-15% of the effluent of R2) and continued to 
remain a minor component even when the acetate concentration in the feedstock increased during 
FL3 feeding period, where the acetate concentration in FL3 was 1.3 g COD/L, similar to the acetate 
concentration in the original SL (1.6 g COD/L) (Figure 7-1 and 7-4).  
The minor component of acetate in the effluent of R1 could be partially explained by the presence 
of Methanosarcina, a methanogen capable of acetate use for methane production (Schmidt et al., 
2016). This genus formed 12.1% population of the biofilm and 1.1% of the bottom population of R1 
despite high sulfate and saline conditions. With only 90 and 89% of sCOD being removed via 
sulfate reduction under the FL1 and FL3 feeding regimes in R1, unaccounted sCOD use could be 
attributed to acetate use by methanogens. Under the FL2 feed however, given that a high proportion 
of COD removal occurred via sulfate reduction (97%), it appears that the competition between 
methanogens and SRB for intermediates such as acetate and/or hydrogen could be influenced by the 
concentration or type of electron donors in the feed stream in this reactor. For example Sela-Adler 
et al. (2017) proposed that methanogenesis and sulfate reduction occur simultaneously when there is 
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sufficient supply of non-competitive substrates or an abundance of competitive substrates such as 
acetate and hydrogen while Eozuolmez et al. (2015) suggested a syntrophic relationship whereby 
methanogens feed off the hydrogen produced during acetolactic sulfate reduction. Hence, the exact 
role of methanogens in the saline sulfate-reducing environments remains unclear.  
In R2, methanogens made up only 5 and 7% of the biofilm and bottom of the reactor populations, 
respectively suggesting their viability at 50 g NaCl/L was not as favorable as it was at 20 g NaCl/L. 
With a higher proportion of sCOD removed via sulfate reduction relative to R1 under all 
compositions of FL, it can be assumed that acetate usage in this reactor was instead primarily the 
result of SRB capable of the complete oxidation of acetate. The lower proportion of sCOD removal 
via sulfate reduction (88%) in R2 under SL (day 0 to 12) could be the result of methanogenic 
activity, although methanogens could not be detected during this time (Figure 7-6). This indicates 
the possible presence of other organisms competing with SRB for COD. 
As no methane was detected during the operation of the MSW fermenter (Appendix B, Figure B-5) 
and methane was not measured in the sulfate-reducing reactors, it cannot be confirmed if 
methanogens were present in the FL or whether they enriched from the original inoculum used to 
start the reactors. Yet, the presence of methanogens under saline and hypersaline conditions is not 
unusual. OTUs of genus Methanolobus have been isolated from saline environments (Sorokin et al., 
2015) while Methanosarcina are known to survive under harsh environmental conditions 
(Morozova & Wagner, 2007; Poirier et al., 2016; Sanz et al., 2011). Furthermore, Zhang et al. 
(2017) found Methanosarcina sourced from marine microalgae to be only considerably inhibited 
above a salt concentration of 55 g NaCl/L while Vyrides et al. (2010) found that an anaerobic 
digester treating sewage sludge showed no significant change in methanogenesis at sodium 
concentration of 14 g Na+/L. Despite their apparent resilience to salinity, the high relative 
abundance of methanogens in the biofilm of R1 relative to the bottom of R1 and the community of 
R2 suggests that the enhanced protection provided by extracellular polymeric substances within the 
biofilm allowed for the greatest growth and activity to occur within this environment where the 
effects of salinity, hydrogen sulfide and other potential inhibitors to growth could be minimized 
(Qurashi & Sabri, 2012).  
Propionate usage 
Propionate became a large component of the effluent COD in both systems despite being in 
relatively low concentrations in the feed stream (0.03 to 0.12 g COD/L) (Figure 7-4, Appendix E, 
Table E-3). Propionate production has been described elsewhere under sulfate limiting conditions 
where fermentation becomes the thermodynamically favourable route in comparison to incomplete 
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oxidation of higher chain compounds (e.g., lactic acid) to acetate via sulfate reduction (Oyekola et 
al., 2009). Although sulfate was not limiting in these reactors, it can be assumed that the rate of 
propionate production via fermentation exceeded the rate of propionate oxidation to acetate or CO2 
(via acetogens or SRB or both) under a feed of FL. This fermentation to propionate could have been 
from lactic acid which may explain why the production of propionate was greatest under FL2 where 
lactic acid concentration in the feed stream was 1.8 g COD/L.  
A feed of FL led to a reduction in the relative abundance of Desulfobulbus, a known propionate 
utilizing SRB present in the bottom samples of R1 and R2 and the biofilm samples of R1 (Figure 7-
6). While these reductions were minor in the bottom of samples of R1 (2.45% to 0.57%) and bottom 
of R2 (4.28 to 1.65%), the greatest reduction occurred in the biofilm sample of R1 from a relative 
abundance of 13.4% to 0.53% following the feed of FL. Hence, the limited use of propionate under 
a feed of FL in R1 could be due to the absence of these propionate utilizing SRB. Furthermore, in 
methanogenic studies, where the activity of acetogens can be better isolated, propionate utilizers 
have been described as having the least adaptation potential to salinity (Feijoo et al., 1995; Ismail et 
al., 2008; Jeison et al., 2008). Accordingly, it could be suggested that acetogenic organisms that 
used propionate must have been inhibited under higher salinities and that propionate oxidation was 
the primary rate limiting step of COD utilization in the sulfate-reducing reactors. 
7.5 Conclusions 
 
The investigation demonstrated that sulfate reduction could be attained using liquor generated from 
the fermentation of MSW as a source of electron donors for SRB under both saline and hypersaline 
conditions. The key findings were: 
1. Collectively, of the sCOD provided by FL, 75 ± 6 % and 68 ± 6% were found to be utilized 
for sulfate reduction under saline and hypersaline conditions, respectively. Hence, FL were 
best utilized for sulfate reduction under saline conditions as opposed to hypersaline 
conditions.  
2. Compositional fluctuations in FL had a minimal effect (± 8% in R1 and ± 12% in R2) on 
steady state sulfate reduction rates with this suggested to be the result of the introduction or 
the stimulation of the growth of diverse fermentative and SRB community. 
3. Soluble COD usage by SRB was found to be limited by the communities’ ability to degrade 
complex unidentified components (non-VFAs) in the FL and propionate production 
exceeding propionate use. 
4. The use of FL led to the presence of methanogens under both saline and hypersaline 
conditions, with the methanogenic community most prominent under saline conditions. 
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8  
Outcomes, 
Discussion and 
Recommendations 
 
The aim of this thesis was to demonstrate the effectiveness of utilizing FL generated from MSW as 
an electron donor to be used with high salinity sulfate streams for biological H2S production. 
Through a review of current literature, the thesis was able to identify three key limitations of 
utilizing FL as an electron donor. These limitations were: 
1. The poor use of acetate by SRB which has been frequently identified in previous studies 
using solid organic waste or mixed VFAs as an electron donor to sulfate-reducing reactors.  
2. The adverse effects of high salinity of the mine waste sulfate streams which has been 
previously reported to result in a decline in sulfate reduction efficiency and changes in 
electron donor use by SRB. 
3. The variability in the composition of electron donors in FL leads to poor predictions in 
sulfate reduction performance.  
To achieve the overall aim of this thesis, experimental studies were proposed and executed as 
reported in Chapters 5, 6 and 7 to both quantify and address these limitations. In this way, the 
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performance of a sulfate-reducing reactor fed with FL under high salinity could be determined. The 
following chapter summarizes the main research outcomes which relate to the overall aim of the 
thesis, highlights the implications of the findings and recommends directions for future research and 
development. 
 
8.1 Research outcomes 
 
The key findings of this thesis are: 
1. The strategy of gradually increasing the salinity in a sulfate-reducing culture fed a synthetic 
blend of VFAs and already enriched under saline conditions (20g NaCl/L) resulted in 
undiminished sulfate reduction rates up to a salinity of 35 g NaCl/L. Sulfate reduction rates 
decreased by 37% at hypersaline conditions (50 g NaCl/L).  
2. The community of SRB were proven to be significantly influenced by salinity (p=0.012, 
p=0.006 (Appendix D, Table D-3)) leading to the selection of SRB more suited to the saline 
environment. Fermentative bacteria were not significantly influenced by salinity (p=0.339, 
p=0.121).  
3. Relative to a feed of a synthetic blend of VFAs, a feed of FL caused a 15% decline in sulfate 
reduction rates to 0.57 ± 0.03 g SO4-S/L/day when combined with a saline sulfate stream 
(pH 7, 30°C). In a reactor fed with hypersaline sulfate (50 g NaCl/L), a feed of FL improved 
sulfate reduction rates by 17% relative to a synthetic blend of VFAs to 0.49 ± 0.02 g SO4-
S/L/day. 
4. Collectively, of the sCOD provided by the FL under saline conditions at pH 7, 75 ± 6 % was 
directed towards sulfate reduction, 18 ± 3 % unused and wasted in the effluent, and the 
remainder assumed to be directed to methanogenesis or cell growth. When FL was used in 
combination with a hypersaline sulfate stream, this efficiency was reduced to 68 ± 6% of the 
supplied sCOD directed towards sulfate reduction and 28 ± 8% unused in the effluent. The 
removal of soluble organics in FL by SRB was found to be limited by the usage of complex 
unidentifiable COD present in FL (27 to 31 % of the influent COD and 42 to 70% of the 
effluent COD) followed by propionate (negligible concentrations of 0.5 to 2.3% of the 
influent COD and 15 to 33% of the effluent COD).  
5. In both saline and hypersaline conditions, FL led to the development of a diverse 
fermentative community and a SRB community dominant in the genus Desulfovibrio, 
commonly known for the incomplete oxidation of organic compounds to acetate. 
Methanogens were also detected with their relative abundance most prominent under saline 
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conditions (up to 16% of the population at saline conditions and up to 7% of the population 
at hypersaline conditions).  
6. The poor use of acetate was found to limit COD removal in sulfate-reducing reactors fed a 
synthetic blend of VFAs or a feed of glucose in Chapter 5 (between 46 to 87 % of the 
effluent COD) and further accentuated when SRB were exposed to high salinities in Chapter 
6. When reactors were fed with FL in the presence of both saline and hypersaline sulfate 
streams in Chapter 7, acetate was only a minor component of the effluent stream (5-8%). 
With up to 11% of sCOD use unaccounted for via sulfate reduction at the end of feeding FL 
with saline sulfate, acetate use could partly be explained by acetoclastic methanogens. 
Under hypersaline sulfate streams however, with only 4% of sCOD use unaccounted for, 
acetate use was explained by SRB.  
7. The compositional variations in electron donors within the FL, reflected by three types of 
FL feed generated over three weeks of MSW fermentation, caused minimal fluctuations to 
sulfate reduction rates (steady state rates were measured between 0.57 and 0.62 g SO4-
S/L/day in saline conditions and between 0.49 and 0.56 g SO4-S/L/day in hypersaline 
conditions). Variations between feeds of FL were primarily represented by differences in the 
dominant organic acid present with this changing from a mixture of lactic and acetic acid 
(16-17% of influent COD in the first feed of FL) to lactic acid (35% of the second feed of 
FL) and finally to to acetic acid (25% of the third feed of FL).  
8. Sulfate removal rates peaked with a feed of FL compositionally high in lactic acid regardless 
of the salinity of the sulfate stream applied to the reactor.  
 
8.2 Discussion 
 
8.2.1 Significance of findings 
The outcomes of this thesis can serve as a starting point to evaluate the performance of SRB under a 
mixture of electron donors that would similarly be generated through the fermentation of other 
forms of solid organic waste (e.g., agricultural residues). Minimal change in the rates of sulfate 
reduction (within ± 8% and ± 12% of respective average rates) under a feed stream of saline and 
hypersaline sulfate, highlight the robustness and versatility of the community of fermentative and 
sulfate-reducing organisms most likely to have developed as a result of the multiple electron donors 
and the diverse microbial community within the FL itself. Furthermore, improved performance 
demonstrated under a feed stream compositionally high in lactic acid implies that sulfate reduction 
rates could be enhanced should the fermentation of organics be steered towards the production of 
lactic acid through manipulating the total solids content or pH of the fermenter as demonstrated in 
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other studies (Ghimire et al., 2017; Probst et al., 2015). The poor use of the fraction of complex, 
unidentifiable COD in the FL however indicates that the use of FL will produce an effluent stream 
of organics. In addition, characteristics of the effluent such as salinity, residual sulfate and the likely 
presence of nitrogen compounds (ammonia (NH4-N) measured to be between 0.9 to 1 g/L in the 
produced, undiluted FL described in Chapter 4) implies that the process proposed in this thesis 
would require an integrated treatment system to follow where residual sulfate, organic carbon and 
nitrogen can be removed.  
When used in combination with a saline sulfate stream, the performance of the SRB reactor under a 
feed of FL was found to decrease by 15% (from 0.67 to 0.57 g SO4-S/L/day) relative to synthetic 
liquor (VFA mixture). The FL was therefore comparable with a synthetic blend of VFAs 
demonstrating that the introduction of other compounds and organisms with a feed of FL had only a 
minor impact on sulfate reduction performance. As such, considering that MSW has no or 
negligible cost, the use of MSW could be a viable option to explore relative to synthetic donors with 
saline sulfate streams. This however is subject to the costs associated with processing MSW for FL 
relative to the purchase and transport of synthetic donors to a site.  
The rate of sulfate reduction with FL as an electron donor was lower (between 2 and 14%) in a 
hypersaline sulfate stream relative to saline sulfate streams, with an increase of complex 
unidentifiable COD observed in reactor effluent under this condition relative to saline conditions. 
This implies that the dilution of hypersaline sulfate streams may enhance the sulfate reduction rate 
with FL depending on the relative effect of substrate concentration and salt inhibition on the 
reaction rate. However, as hypersaline sulfate wastewaters are most commonly encountered in 
metallurgical industries operational in arid to semi-arid environments where access to freshwater is 
limited (Aral et al., 2010), dilution of these sulfate streams may not always be feasible. 
Furthermore, while methanogenic activity could not be measured in this thesis, a high relative 
abundance of methanogens detected at saline conditions (up to 16% of the whole community and 
11% of sCOD use unaccounted for at the end of feeding FL) compared to hypersaline conditions 
(up to 7% of the whole community and 4% of sCOD use unaccounted for at the end of feeding FL), 
suggested that the dilution of hypersaline sulfate streams may lead to greater electron flow to 
methanogens. This would not only reduce the available organics for sulfate reduction but potentially 
lead to uncontrolled methane emissions from sulfate-reducing reactors.  
From another perspective the improved performance of the SRB culture under hypersaline 
conditions in response to a switch from a synthetic blend of VFAs to FL suggested that FL could be 
considered a preferred electron donor for sulfate reduction. The wide composition of organics in FL 
provides an array of potentially favourable electron donors for SRB made available through the 
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fermentation of these compounds or used directly by SRB (i.e. with 9 identified electron donors 
each comprising more than 1% of the influent to the sulfate-reducing reactors and only 2 to 5 
electron donors identified in the effluent). This could be advantageous for reactors exposed to 
stressed saline conditions or hypersaline conditions due to the reported changes in energy demands 
of the community which influence electron donor usage (Oren, 2001) and the changes in the SRB 
community found to occur with salinity (Chapter 6). Future investigations however are required into 
the effects of electron donors under these hypersaline conditions to understand and verify this 
observation. 
 
8.2.2 The use of fermenter liquor from MSW in full scale systems 
The highest sulfate reduction rates attained with FL of 0.62 g SO4-S/L/day, while competitive with 
synthetic blends of VFAs (Table 7-3), are significantly lower than that of full-scale sulfate-reducing 
reactors utilizing H2/CO2/CO as an electron donor (e.g., the SULFATEQ process at the Nyrstar 
Budel Zinc Refinery (Netherlands) is reported to remove 6.4 g SO4-S/L/day in a 500 m
3 reactor 
(Copini et al., 2009)). Volumetric sulfate reduction rates however are a function of numerous 
factors which would be unique to each reactor such as the the biomass concentration. Consequently, 
low sulfate reduction rates should not be a reason to disregard FL as an electron donor. The rate of 
volumetric sulfate reduction achieved with FL could be enhanced in the future through optimizing 
other factors which were outside the scope of this thesis such as the reactor type, a means of 
retaining biomass, and operational conditions such as organic and sulfate loading rates, HRT and 
temperature (Kaksonen & Puhakka, 2007). 
The rates achieved in this thesis can be viewed from another perspective. Based on the operation of 
the MSW fermenter described in Chapter 4, the total sCOD harvested during the six week 
fermentation period can be used to estimate a ratio of 0.13 kg sCOD produced per kg of dry mass of 
MSW fed (equivalent to a recovery of 0.27 kg sCOD/ kg volatile solid (VS) loaded into the 
reactor). Employing this ratio to the average ratio of the kg of sulfate removed per kg sCOD fed to 
the sulfate-reducing reactors, and assuming all the sulfate reduced was converted to and collected in 
either the gaseous or liquid form of hydrogen sulfide, it is found that 16 kg of dry MSW is required 
for the production of 1 kg of hydrogen sulfide (see Appendix E for calculation).  
With this ratio, the hydrogen sulfide requirements of the metallurgical industries could be used to 
determine the mass of MSW required to sustain a sulfate-reducing reactor fed with FL. As the 
average MSW generation in Queensland, Australia is 1.5 kg per capita per day (Pickin & Randell, 
2017), the feasibility of using FL as an electron donor for sulfate reduction is not only dependent on 
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its effectiveness as an electron donor for SRB but likely to be site specific where the nearby 
population should be large enough to generate the MSW required for the process.  
 
8.3 Recommendations for future work 
 
This thesis established the proportion of electron donors within FL directed towards sulfate 
reduction under saline and hypersaline conditions and the rate of sulfate reduction that can be 
expected with FL. Despite this, there remains several aspects of this research that should be further 
explored to gain an understanding and enhance the effectiveness of FL as an electron donor for 
biogenic H2S production.   
1. The effect of variations in the fermenter liquor on sulfate reduction 
In order to explore the direct effects of COD composition on sulfate reduction, COD and sulfate 
concentrations into the reactors were fixed. The liquor generated in the MSW fermenter was 
however shown to vary in COD concentration on a weekly basis. Given that the ratio of the 
concentration of COD relative to the concentration of sulfate has been shown in literature to have 
some effect on the outcome of competition between SRB and other organisms in a mixed culture 
(section 2.3.4), the effects of variable COD concentrations and compositions should be assessed 
simultaneously in a sulfate-reducing reactor fed with liquors of a fixed sulfate concentration. In this 
way, a thorough understanding of the use of FL as an electron donor for sulfate reduction can be 
obtained.  
2. The achievement of better substrate usage and thus, less organics in the effluent of the 
SRB reactor 
The SRB were shown to have limited capacity to metabolize complex unidentified components in 
FL and the propionate generated with a feed of FL. As these could not be removed under the 
operational conditions applied, optimized hydraulic retention times (which would be long enough to 
provide more time for the degradation of these organics but short enough to prevent the build-up of 
inhibitory conditions such as hydrogen sulfide (van Den Brand et al., 2016) or a different reactor 
design which allows for the retention of more biomass (e.g., membrane bioreactors or fluidized bed 
reactors (Kaksonen & Puhakka, 2007) could be considered as means to enhance reactor 
performance. Alternatively, with a reactor run time of only 45 days used in this thesis and the 
removal of complex components shown to improve in that time by 16 to 18% in Chapter 7, the 
sulfate-reducing reactor should be run for a longer period of time on a feed of FL to determine if the 
community can evolve further to degrade these complex components and propionate. 
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3. Further investigation into electron donor use by sulfate-reducing cultures under 
increasing salinity 
Given the limited literature of sulfate reduction under saline stress, the findings of this thesis have 
only opened up further avenues for research. For example, to gain a deeper understanding on the 
influence of salinity on electron donor usage by sulfate-reducing cultures, the activity of 
fermentative bacteria should be assessed independently to SRB on individual electron donors within 
the salinity range of 20 to 50 g NaCl/L. Through this, a more thorough explanation for the changes 
in effluent quality with salinity and the changes in reactor community can be developed. 
Furthermore, given the difference in relative abundance of methanogens measured within the saline 
and hypersaline reactor under a feed of FL, the activity of methanogens should also be observed 
within the same salinity range to understand if there is any link between salinity and the competition 
between methanogens and SRB for substrates.  
With the improvements in reactor performance observed in hypersaline media under a feed of FL 
relative to a synthetic mixture of VFAs, future investigations are also required to determine if 
electron donor selection can be used as a means to alleviate the effects of salinity stress on a sulfate-
reducing reactor. If preferable electron donors can be identified, future studies can look into the 
possibility of steering of fermentation of MSW for the production of favorable electron donors as 
seen in other studies (Guo et al., 2010; Horiuchi et al., 2002; Sun & Cheng, 2002).  
4. The measurement of the concentration and volume of hydrogen sulfide produced in 
reactor off-gas  
The thesis measured the removal of sulfate in reactor media as a means to evaluate the potential of 
the sulfate-reducing reactor to produce biogenic H2S from FL (Chapter 4). While the hydrogen 
sulfide in the aqueous state of the sulfate-reducing reactors was monitored, the production of H2S in 
the gaseous state was not. To fully characterise the system, the quality of the H2S laden gas 
produced (i.e. the concentration of H2S in the off gas amongst other gases such as CO2) together 
with its rate of production should be measured in future studies. This is important if the off-gas is to 
be used for metal recovery since the concentration of H2S in the gas has shown to have some effect 
on metal precipitation rates in aqueous solutions(Al-Tarazi et al., 2004). 
5. The use of fermenter liquor in a sulfate-reducing reactor with a real source of waste 
sulfate 
The sulfate stream utilized in this thesis was artificial and did not contain other salts that would be 
expected in a real waste sulfate stream. Although the effect of salinity was accounted for, this was 
only replicated by the use of sodium chloride (NaCl). Depending on the site from which the waste 
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sulfate is derived, this stream could be a combination of ions (including magnesium, chloride, 
calcium, sodium and sulfate) and contain residual heavy metals (Wang et al., 2014), which would 
introduce additional complexity and variability to the performance of a sulfate-reducing reactor. 
Furthermore, different salts have shown to have different inhibitory effects on SRB (van den Brand 
et al., 2015a). Hence, to successfully evaluate sulfate reduction with FL and waste sulfate, real 
sulfate waste should be used with FL.  
6. Future investigations into the optimization of the process  
While the thesis was able to demonstrate the effective use of organics in FL by SRB, future studies 
are required to investigate means to intensify the process such that higher sulfate reduction rates can 
be attained in the sulfate-reducing reactor. This includes optimizing reactor parameters such as 
temperature, organic and sulfate loading rates, HRT, pH and reactor design, all of which have been 
found to have some influence on sulfate reduction activity of a reactor(De Smul & Verstraete, 1999; 
Kaksonen et al., 2004a; Kaksonen & Puhakka, 2007; Koschorreck, 2008; Moosa et al., 2005; White 
& Gadd, 1996).  The use of other forms of organic waste which are widely available in Australia as 
an electron donor can also be examined such as manure, agricultural waste, sewage sludge, sugar 
can bagasse and winery wastewater. 
7. A comparison to electron donors used in full scale SRB reactors 
Volumetric sulfate reduction rates attained with FL cannot be compared fairly with volumetric rates 
attained in full-scale reactors applying electron donors such as ethanol or H2/CO2/CO due to 
differences in reactor design, biomass concentration and reactor operation (Copini et al., 2009). As 
such, the sulfate reduction rates using donors utilized at a full scale should be assessed in the same 
SRB reactor fed with FL (under the same organic and sulfate loading rates and biomass 
concentration). In this way, the pros and cons of utilizing FL compared to other electron donors can 
be clearly assessed.  
8. Economic and environmental assessment of the use of fermenter liquor as an electron 
donor for sulfate reduction 
While it would be assumed that MSW for the proposed concept would be a freely available 
resource, the costs involved in the handling, processing, and transport of MSW needs to be assessed 
to estimate a cost on FL as an electron donor. The occupational, health and safety concerns related 
to handling, and processing MSW and producing H2S onsite need to also be examined for the risk 
they may pose to employees’ onsite and the environment.  
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These factors, in conjunction with the sulfate reduction rates attained using FL compared with full-
scale electron donors, will provide a better understanding of the feasibility of FL as an electron 
donor for sulfate reduction.  
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Appendices 
 
APPENDIX A: REACTOR OPERATION IN STAGE 1 AND 2 (CHAPTER 4). 
 
The reactor operational conditions corresponding to performance shown in Figures A-1 and A-2 is 
shown in Table A-1.  
 
Table A-1 Operational conditions applied during Stage 1 and 2 
Days Sulfate influent 
concentration     
(g SO42-/L) 
HRT (days) Sulfate loading 
rate  
(g SO42-/L/day) 
COD loading 
rate  
(g COD/L/day) 
COD:SO42-  
(g/g) 
0 – 18 7.42 6.7 1.10 1.01 0.9 
18 – 60 7.42 5 1.48 1.04 0.7 
60 – 95 7.42 3.3 2.23 1.56 0.7 
95 – 111 7.42 1.6 4.46 3.12 0.7 
111- 138 7.42 3.3 2.23 1.56 0.7 
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Figure A-1 Volumetric sulfate removal rate under a feed of synthetic liquor (SL) and numerous sulfate 
loading rates (— sulfate loading rate, () R1 and () R2). Red arrows represents points of operational 
failures in R2.  
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Figure A-2 Volumetric COD removal rate under a feed of synthetic liquor (SL) and organic loading rates 
adjusted according to the sulfate loading rate applied (— COD loading rate, () R1 and () R2.). Red arrows 
represents points of operational failures in R2.
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APPENDIX B: THE PRODUCTION AND COMPOSITION OF FERMENTER LIQUOR 
GENERATED FROM MSW (CHAPTER 4) 
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Figure B-1 Composition of MSW utilized for the generation of fermenter liquor. Any large metal 
components such as aluminium cans were removed from the sample. 
 
Table B-1 Characteristics of MSW loaded into fermenter and water added 
Mass of MSW loaded (kg) 39.9 
Moisture Content (%) 49 
Total volatile solids ( kg) 9.5 
Water added (L) 20.15 
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Figure B-2 Pictures of a) the 200L reactor used to generate MSW fermenter liquor (MSW fermenter) b) 
barrel of shredded MSW prior to loading the MSW fermenter, c) MSW loaded into the fermenter.  
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Figure B-3 VFA composition of liquor generated during the six week fermentation period. Liquor harvested 
from Day 7, 14 and 21 were utilized for RO3 where Day 14 was FL1, Day 7 was FL2, and Day 21 was FL3). 
 
 
Figure B-4 pH of fermenter liquor throughout operation of MSW fermenter.  
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Figure B-5 Headspace gas concentrations of the MSW fermenter throughout the fermentation process where 
() carbon dioxide (CO2), () methane (CH4) and () hydrogen (H2)  
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APPENDIX C: REACTOR PEFROMANCE (CHAPTER 5) 
 
Figure C-1 COD  removal efficiencies for a) the cyclic operation used in Stage 1 and 2 for the ( ) Biofilm 
VFA ( ) Biofilm glucose ( ) Mangrove VFA, ( ) Mangrove glucose, ( ) Estuary VFA, and ( ) Estuary 
glucose reactors and b) for the daily feed mode applied in Stage 3 where () Biofilm VFA (+) Mangrove 
VFA (▲) Estuary VFA and b) Glucose fed reactors () Biofilm glucose (●) Mangrove glucose (X) Estuary 
glucose.  
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Figure C-2 Reactor VSS concentration for () Estuary VFA () Estuary glucose () Mangrove VFA (□) 
Mangrove glucose (o) Biofilm VFA () Biofilm glucose  
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Figure C-3 Effluent VFA concentrations shown in COD equivalents for VFA fed reactors after the start of 
daily feeding () Acetate () Propionate (▲) Butyrate (X) Formate (---) Influent COD concentration (▪▪▪▪▪▪) 
Influent acetate concentration. 
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Figure C-4 Effluent VFA concentrations shown in COD equivalents for glucose fed reactors after the start 
of daily feeding () Glucose () Acetate () Propionate (▲) Butyrate (X) Formate (---) Influent COD 
concentration (▪▪▪▪▪▪) Influent acetate concentration. 
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APPENDIX D: REACTOR PERFORMANCE WITH INCREASING SALINITY (CHAPTER 
6) 
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Figure D-1 Volumetric COD removal in the a) control and b) variable reactor with salinity increments 
applied (where ● COD removal, ---- COD loading rate, — salt load). 
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Table D-1 Average performance of reactors together with effluent quality during each period of salinity 
increment applied to R2.  
Days Days 0 -28 Days 28 to 43 Days 43 – 57 Days 57 -92 Days 92- 127 
Test salinity of 
R2 
20 g NaCl/L 27.5 g NaCl/L 35 g NaCl/L 42.5 g NaCl/L 50 g NaCl/L 
 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 
Sulfate reduction 
rate 
 (g SO4-S/L/day) 
0.68±0.01 0.68±0.01 0.66±0.02 0.68±0.02 0.66±0.02 0.67±0.01 0.66±0.01 0.59±0.02 0.67±0.01 0.42±0.01 
COD removal rate  
 (g COD/L/day) 
1.44±0.06 1.41±0.02 1.39±0.03 1.39±0.04 1.39±0.05 1.37±0.04 1.40±0.02 1.24±0.02 1.38±0.02 0.96±0.02 
COD removal via 
SO4 reduction (%) 
95±2 97±2 95±2 97±1 95±2 97±2 93±1 95±1 97±1 88±3 
Effluent properties 
Dissolved hydrogen 
sulfide 
concentration in 
effluent (g HS-S/L) 
0.40±0.03 0.35±0.05 0.52±0.06 0.47±0.08 0.49±0.03 0.46±0.08 0.48±0.05 0.44±0.08 0.39±0.03 0.20±0.01 
Acetate (g COD/L) 0.30±0.13 0.23±0.08 0.35±0.07 0.30±0.08 0.35±0.08 0.33±0.09 0.33±0.07 0.59±0.02 0.32±0.01 1.35±0.02 
Propionate (g 
COD/L) 
0.15±0.06 0.25±0.06 0.16±0.02 0.23±0.03 0.20±0.07 0.27±0.07 0.18±0.04 0.42±0.03 0.26±0.04 0.53±0.02 
Butyrate (g COD/L) 0.04±0.02 0.03±0.01 0.03±0.01 0.03±0.01 0.02±0.01 0.03±0.01 0.03±0.02 0.06±0.01 0.02±0.00 0.07±0.02 
Valerate (g COD/L) 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.02±0.01 0.01±0.00 0.02±0.01 
TSS (g/L) 0.34±0.12 0.30±0.17 0.28 0.28±0.13 0.35±0.25 0.58±0.17 0.22±0.12 0.38±0.02 0.47±0.1 0.31±0.13 
VSS (g/L) 0.1±0.07 0.1±0.07 0.15±0.04 0.09±0.03 0.11±0.06 0.16±0.04 0.08±0.02 0.1±0.04 0.15±0.02 0.12±0.04 
*Averages shown are calculated only on steady state data. Error shown is the 95% confidence interval.  
 
Table D-2 ICP analysis of precipitated salt and of elements present that were analysed for.  
Metal Ion ppm Metal Ion ppm 
Aluminium 0.00 Phosphorous 336.57 
Arsenic 0.00 Lead 0.00 
Boron 0.00 Sulfur 3.50 
Barium 0.00 Selenium 0.05 
Calcium 0.00 Zinc 0.58 
Cadmium 0.00   
Cobalt 1.72   
Chromium 0.04   
Copper 0.04   
Iron 0.49   
Potassium 34.57   
Magnesium 320.15   
Manganese 0.54   
Molybdenum 0.04   
Sodium 26.76   
Nickel 0.14   
 Note: Lower detection limit of ICP ranges from 1 to 10 ppm depending on the element.  
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Figure D-3 Pictures of a) the set-up of the two sulfate-reducing reactors b) the external view of the biofilm 
forming on the walls of the semi-continuous reactor (R2) during start-up of the reactors c) the salts and 
biomass collected from the base of the reactor d) biomass on the walls of the reactor (top view from an open 
port at the top of the reactor).   
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Table D-3 p value for reactor performance data correlated with the SRB and fermentative community 
composition. 
Physiochemical 
variable tested 
SRB (Figure 6-4) Fermentative bacteria (Figure 6-5) 
Bottom (Fig.6-
4a) 
Biofilm (Fig 6-4b) Bottom (Fig.6-5a) Biofilm (Fig.6-5b) 
Salinity 0.012 0.006 0.339 0.121 
Propionate  0.001 0.033 0.190 0.232 
Acetate  0.014 0.040 0.508 0.348 
Dissolved hydrogen 
sulfide concentrations 
0.153 0.153 0.642 0.006 
COD removal 0.007 0.030 0.356 0.238 
Sulfate removal 0.011 0.051 0.380 0.415 
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APPENDIX E: FERMENTER LIQUOR COMPOSITION AND REACTOR 
PERFORMANCE WITH FERMENTER LIQUOR(CHAPTER 7) 
 
Table E-1 Ionic composition of fermenter liquor prior to dilution. Ions shown are those present in 
concentrations above 10 ppm. FL: fermenter liquor. 
Fermenter 
liquor 
Ion concentration (ppm) 
Al    Ca Fe K Mg Mn Na P S Zn 
FL1 32 3273 90 2533 316 11 1734 547 291 16 
FL2 12 2788 73 2425 270 9 1922 478 293 9 
FL3 2 4103 64 3135 494 6 1667 203 263 3 
 
Table E-2 Total phosphate (TP), Total Kjeldahl nitrogen (TKN) and ammonium present in undiluted 
fermenter liquor used in this thesis. 
 
 
 
 
 
 
 
Fermenter liquor Other components measured 
TP               
(mg P/L) 
TKN            
(mg N/L) 
NH4-N         
( mg/L) 
FL1 510 2040 1025 
FL2 312 2140 930 
FL3 628 3500 975 
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Table E-3 Average composition of feed stream in RO3 
Influent component FL1 (g COD/L) FL2 (g COD/L) FL3 (g COD/L) 
Ethanol  0.53±0.01 0.62±0.01 0.46±0.01 
Propanol 0.49±0.03 0.12±0.00 0.50±0.02 
Butanol* 0.02±0.00 0 0.02±0.00 
Acetic acid 0.90±0.03 0.60±0.02 1.30±0.03 
Propionic acid 0.12±0.00 0.03±0.00 0.12±0.00 
Iso-Butyric acid 0.02±0.00 0.00±0.00 0.05±0.00 
Butyric acid 0.51±0.02 0.19±0.01 0.31±0.00 
Iso-valeric acid 0.01±0.00 0.01±0.00 0.02±0.00 
Valeric acid 0.01±0.00 0.01±0.00 0.09±0.00 
Hexanoic acid* 0.03±0.00 0 0.59±0.01 
Formic acid* 0 0.04±0.00 0 
Succinic acid 0.18±0.01 0.15±0.00 0.16±0.00 
Lactic acid 0.84±0.03 1.80±0.03 0.15±0.00 
Non-VFAs 1.51±0.08 1.62±0.06 1.43±0.05 
*Detection limit for all influent components was 1 mg of the compound/L 
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Figure E-1 Volumetric COD removal under a feed of synthetic liquor (SL) and the three fermenter liquors 
(FL1,FL2, FL3) for () R1 and () R2 where (-----) is the COD loading rate. 
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Table E-4 Average reactor performance data of R1 and R2 during the RO3 and effluent VSS concentrations. 
Error shown is the 95% confidence interval 
Reactor performance Synthetic Liquor Fermenter liquor 1 Fermenter liquor 2 Fermenter liquor 3 
R1 R2 R1 R2 R1 R2 R1 R2 
Sulfate- reduction rate (g 
SO4-S/L/day 
0.67±0.01 0.42±0.01 0.57±0.03 0.49±0.02 0.62 ±0.01 0.55±0.01 0.57±0.01 0.56±0.01 
VSS (g/L)* 0.15±0.02 0.12±0.04 0.11±0.01 0.10±0.02 0.13±0.09 0.14±0.05 0.11±0.01 0.12±0.03 
TSS (g/L) 0.47±0.1 0.31±0.13 0.42±0.24 0.38±0.06 0.25±0.24 0.43±0.23 0.35±0.03 0.21±0.01 
VSS (g/L)**       2.39±0.23 2.61±0.07 
Specific sulfate reduction 
rate (g SO4-S/g VSS/day) 
n/a n/a n/a n/a n/a n/a 0.24 0.21 
*average gVSS/L of the effluent media leaving the reactor  
** g VSS/L calculated at the end of the experiment. The VSS present in the reactor media was calculated separate to the 
VSS of the salt/biomass mixture present on the base and walls of the reactor. For the measurement in the reactor media, 
the liquid from the reactors was removed, weighed and subsamples of liquid were used to calculate the g VSS/L using 
standard methods (APHA, 1999). This was multiplied by the reactor volume to give the total VSS in the liquid. For the 
measurement of the the total salt/biomass mixture, following the removal of the liquid, the total salt biomass mixture 
was removed and weighed. Subsamples were then collected and weighed. The salt present in subsamples was dissolved 
and the VSS was measured using standards methods (APHA, 1999).Following this, the g VSS per g salt/biomass 
mixture could be calculated. This was then multiplied by the total mass of the salt/biomass mixture in the reactor to get 
the total VSS. The total VSS of the salt biomass mixture was added to the total VSS of the reactor media and as a final 
step, divided by the reactor working volume (1.4 L) to provide the g VSS/L shown. 
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Figure E-2 Profile of soluble COD components of a) R1 and b) R2 which made up collectively less than 
15% of effluent COD 
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APPENDIX F: SUPPLEMENTARY INFORMATION (CHAPTER 8) 
 
Calculating volume of MSW required to produce a kg of hydrogen sulfide. 
Parameters 
The sCOD available from MSW was calculated using the parameters attained in the MSW 
fermenter operated in Chapter 3 
1. Mass of MSW: 39.9k g 
2. Moisture content: 49% 
3. MSW generated per person per day: 1.5 kg per person per day. 
4. Total volatile solids (TVS) of MSW: 9.5 kg 
5. Properties of fermenter liquor harvested from MSW fermenter shown in Table F-1 
 
Table F-1 Total sCOD harvested from the MSW fermenter in Chapter 3 during a six week period. 
Time of FL 
harvest 
sCOD 
concentration ( 
g/L) 
Volume of 
fermenter liquor 
harvested (L) 
Total sCOD 
harvested ( g) 
Week 1 64 5 318 
Week 2 77 5 383 
Week 3 63 5 316 
Week 4 61 5 306 
Week 5 58 5 292 
Week 6 52 20 1046 
Total sCOD harvested (g) 2661 
g sCOD/ g MSW used in fermenter ( wet mass)* 0.067 
g sCOD/ g dry mass MSW 0.13 
g sCOD/g VS of MSW 0.28 
*Total sCOD divided by mass of MSW (39.9 kg) 
 
6. The sulfate removed per g sCOD provided by the fermenter liquor shown in Table F-2 
 
Table F-2 The average g sulfate reduced per g sCOD provided by the fermenter liquor, where R1 is operated 
at 20 g NaCl/L and R2 at 50 g NaCl/L and FL1, FL2, and FL3 are the three streams of fermenter liquor 
varying in composition 
 FL 1 FL2 FL3 
Average 
R1 R2 R1 R2 R1 R2 
Sulfate removal rate ( g SO42-
/L/day) 
1.71 1.47 1.86 1.65 1.71 1.68 1.68 
sCOD removal rate ( g 
sCOD/L/day) 
1.29 1.12 1.28 1.08 1.28 1.17 1.20 
g SO42- removed/ g sCOD used 
1.31 1.34 1.46 1.53 1.34 1.44 1.40 
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Calculations: 
 
1. Calculating the g sulfate removed per dry mass MSW: 
 
Multiply average mass of sulfate removed/g sCOD used (Table F2) by average g sCOD used 
/ g dry mass MSW in the fermenter (Table F1) 
= (1.40 g SO4
2-removed/g sCOD used) * (0.13 g sCOD/ g dry mass MSW)  
= 0.18 g SO4
2- reduced/ g dry mass MSW supplied 
 
2. Calculating the mass of MSW required per g hydrogen sulfide produced: 
 
a. Determine the g MSW per g SO42- reduced 
= 1 / (0.18 g SO4
2-/g MSW supplied) 
= 5.56 g dry MSW supplied/g SO4
2- reduced  
 
b. Determine the mass of MSW required to produce 1 g of hydrogen sulfide 
= (5.56 g dry MSW supplied/g SO4
2- reduced) * (96 g of SO4
2- reduced/ 33 g of 
hydrogen sulfide produced) 
= 16.1 g of dry MSW required per g of hydrogen sulfide produced 
 
*Note: 1 mole of SO4
2- is reduced to 1 mole of hydrogen sulfide (assume HS-). Therefore 
when 96 g of SO4
2- is reduced to hydrogen sulfide, 33 g of hydrogen sulfide is produced.  
 
 
 
